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CHAPTER I

COMBUSTRON PF SOUD FUELS UNDER CROSSFLOW CONDITIONS

i. Introduction

In the modern development of airbreathing propulsion systems for high-speed vehicles,

attention is often focused on th3 solid fuel ramjet (SFRJ). Because of its airbreathing feature, the

vehicle avoids the weight penalty associated with carrying oxidants, resulting in a higher specific

impulse and longer flight range. The use of solid fuel greatly simplifies the system design, and

eliminates problems associated with fuel storage and feeding mechanisms. The fuel may also

incorporate energetic additives, such as boron or metallic powders, to maximize performance

during volume-limited missions. However, in order to establish the SFRJ as a viable air-breathing

engine, it must first demonstrate efficient operation under a wide range of Mach numbers and

altitudes.

A detailed review of experimental and numerical works in SFRJ combustion systems is

available in the attached Ph.D. thesis of Jarymowycz (Appendix 1.1). A condensed version was

presented in Lampoldshausen, Germany, at the Second International Symposium on Spe ial

Topics in Chemical Propulsion: Combustion of Boron-Based Solid Propellants and Solid Fuels,

and is attached here as Appendix 1.2. These studies have provided useful information regarding

solid-fuel combustion; however, the majority of these works were conducted in low-speed

environments. The primary objective of the research conducted in this area was to investigate

the ignition and combustion processes of solid fuels under a wide range of Mach numbers,

including both subsonic and supersonic crossflows, using advanced experimental and theoretical

techniques.

Ignition and combustion of boron-based solid fuel in a high-speed environment involve

many intricate physical and chemical processes including turbulent mixing, multi-phase heat and

mass transport, surface pyrolysis, and homogeneous and heterogeneous reactions.

Understanding of detailed flow structures, boron particle ignition and combustion processes, and

burning characteristics of solid fuels under various freestream conditions is important in

advancing the state-of-the-art In solid fuel ramjet propulsion systems.

The work was accomplished using experimental and numerical techniques.

Specifically, the objectives in the experimental study were as follows:
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1. to determine the feasibility of solid-fuel combustion under high-velocity crossfiows;

2. to study the effect of boron particles on the ignition and combustion

characteristics of HTPB-based solid fuels; and

3. to determine the effects of freestream conditions such as pressure, temperature,

and mass flux on the burning rates of HTPB-based solid fuels.

A comprehensive theoretical model of the combustion of homogeneous solid fuels under

supersonic crossflow conditions was also formulated and solved. As a specific example, the

combustion behavior of pure HTPB fuel samples was treated in depth. To better understand

some of the complex two-phase phenomena occurring abova a reacting boron-laden solid fuel,

the ignition behavior of boron particles in a ramjet en% ironment was treated. The specific

objectives of the numerical study were:

1. to investigate the detailed flowfields and flame structures involved in the

combustion of solid fuels in a supersonic flow environment;

2. to determine the burning rates of the fuel samples under various conditions;

3. to examine the effects of the freestream conditions (specifically pressure and

temperature) on the pyrolysis and combustion characteristics of the fuel samples;

4. to study the ignition process of individual boron particles ejecte J from a reacting

solid fuel under a high-velocity croseflow;

5. to determine the effect of particle size on the ignition time and location of the

particles;

6. to investigate the effects of freestream parameters, including pressure and

temperature on the ignitability of the boron particle; and

7. to determine if ignition delay times of boron particles can be minimized by utilizing

a particular size range of particles.

I!. Method of Approach

A. Experimental

In order to understand the physical and chemical mechanisms involved in the combustion

of solid fuels, an experimental study was conducted using a connected-pipe facility which

simulates the combustion chamber conditions of a hypersonic vehicle at high altitudes. The rig

provides vitiated air over a wide range of conditions with a maximum freestream temperature of

1000 K, static pressure of 0.62 MPa, and Mach number of 1.5. The maximum flow rate attiinable
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is 8 kg/s with a duration of four minutes at the highest pressure. A detailed description of the

facility and test setup are available in the attached papers and thesis of Jarymowycz.

The solid fuels utilized in this study were either processed at Penn State, United

Technologies/Chemical System Division (UT/CSD), or Aeiojet Corporation. The Penn State fuels

were HTPB-based with various loadings (0-20% by weight) of pure boron particles or magnesium-

coated boron particles (10% boron by weight, with up to 20% magnesium coating). UT/CSD

fuels were HTPB-based with 50% boron by weight. Aerojet provided fuels consisting of a highly

energetic copolymer BAMO/NMMO, with 0 or 18% boron loading.

B. Numerical

The combustion of solid fuels under supersonic crossflows was studied using a

comprehensive numerical analysis. The formulation was based on the time-dependent multi-

dimensional compressible Navier-Stokes equations and species transport equations. Features

of this approach included consideration of finite-rate chemical kinetics and variable properties.

Turbulence closure was achieved using the Baldwin-Lomax algebraic model. The governing

equations were solved numerically using a flux-vector splitting Lower-Upper Symmetric

Successive Overrelaxation technique that treats source terms implicitly. The details on the

invoked assumptions and corresponding equations in the modelling effort are presented in

Appendix 1.1.

The ignition processes of boron particles above a burning solid fuel were also studied by

numerical solution of the comprehensive theoretical model. The particle-phase solution was

obtained based on a well-established boron particle ignition model. Boron particles wore ejected

from the surface of the burning fuel into a high-velocity crossflow and their trajectories were

traced through the reacting flowfie!d using a Stochastic Separated Flow approach. The effects

of particle size on their ignition time and location were studied.

Ill. Discussion of Results

The most important accomplishments and major findings of the experimental study of

solid fuel ignition and combustion processes are summarized below.

- The transient regression phenomena of solid fuels were observed in-situ using

real-time X-ray radiography. HTPB-based fuels with different percentages of boron

loading showed layer-by-layer regression without subsurface reactions.
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- Fuel surface regression rates were reduced using an advanced digital image

processing system. Regression rates were found to be highly dependent on

freestream pressure, and less dependent on freestream temperature and mass

flux. The results are summarized in Appendix 1.3.

- Fuels with boron particles of high purity (>99%) and small particle diameters

(0.04-0.15 pm) experienced higher regression rates than fuels with particles of

slightly lower purity and diameters approyimately 10 times higher. These results

were also presented in Lampoldshausen, and are attached as Appendix 1.4.

At low pressures (below 0.55 MPa), the addition of magnesium-coated boron

particles to the fuel samples increased the burning rates from those of uncoated

boron particles. The augmented burning rates were due to the additional heat

generated by the magnesium/oxygen reactions which occur more rapidly than

bcron/oxygen reactions at low pressures. Figure 1.1 shows the burning rates as

functions of pressure for fuel samples of various compositions. The fuel samples

with 20% magnesium coating on the particles show the highest burning rates at

low pressures, whereas at high pressures, the fuels with uncoated boron burn

fastest.

A burning-rate correlation in terms of freestream conditions and boron

concentration was established. Such correlations are useful for the design of

SFRJ propulsion systems.

The BAMO/NMMO solid fuels from Aerojet has high gasification rates at low

pressures and has the ability to eject boron particles into the oxidizer region;

however, this polymer certain drawbacks. The fuel liquefies at low temperatures

and cannot retain its rigidity under shear flow conditions. This finding was

conveyed to Aerojet.

The following results are detailed in Appendix 1.5.

The UT/CSD fuels with 50% boron loading do not burn efficiently under low

pressures. Even with the addition of combustion aids, the regression rates of

tb ese fuels are very low. These findings are important for industrial companies to

improve their formulation.

Combustion of solid fuels under supersonic crossfiows was successfully

demonstrated with HTPB/B fuels. For these tests, it was necessary to increase
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the size of the recirculating region to promota ignition and flame stabilization of

the solid fuel sample.

The effect of fuel ingredients on the ignition, flame spreading, and combustion

characteristics was investigated. Autoignition of HTPB solid fuels wiih no additives

was attained with freestream temperatures above 820 K However, autoignition

of HTPB-based solid fuels with boron was attained with freestream temperatures

above 725 K. This temperature was lower because reacting boron particles on

the fuel surface acted as a heat source for igniting the pyrolyzed fuel-rich species.

Addition of boron particles to the fuels (up to 10%) considerably increased the

burning rates. Further addition to 15 and 20% decreased the burning rates. The

increase was caused by the additional energy release from the boron; the

decrease was due to several factors: (1) the heat sink effect of boron particles in

the gas phase which reduced the gas-phase temperature, and (2) heat feedback

to the surface was effectively shielded by the large number of boron particle

above the surface.

Ignition phenomena of HTPB solid fuels without boron showed a gas-phase

ignition mechanism, whereas samples with boron always ignited on the surface.

In terms of surface ignition mechanism, no dependence on particle size, loading

fraction, or purity of boron was noted in our convective ignition study.

For a given BIHTPB solid fuel, there exists a pressure deflagration limit, below

which self-sustained combustion cannot be achieved. For instance, our results

showed momentary ignition of several B/HTPB fuels followed with extinction for

pressures below 2 atm.

Results from the comprehensive theoretical analysis of solid-fuel combustion under

supersonic crossfiows are highlighted below and detailed in Appendix 1.2. Results from the

study of boron particle ignition above a reacting solid fuel are also summarized.

The combustion behavior of solid fuels was studied numaric.l!y as a function of

freestream conditions, fuel ingredients, and flow geometry, with attention focused

on the importance of kinetic- vs. diffusion-controlled reactions. At high pressures,

the reaction zone thickness becomes smaller; whreas, at low pressures, the

reaction is more distributed. This implies that at high pressures, a single-stop

forward reaction is sufficient to describe the combustion process; however, at

lower pressures, a finite-rate approach must be considered.
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environment c.annot provide suitable conditions for both ignition and combustion

of thin particlea, in contMast, this study reveals that it is possible for particles to

ignite an-I burr. in SFFU's, provided thet particles sizes are kept small (below 10 gm).

IV. Con'rluslons

The major firirdmngs in Whs study irnc'ude:

- tho successf'ul ignition and susitained combustion of HTPBIB s6W'd fuels under supersonic

flaw conditions IM = 1.5);
- establishment of w. optimum. particle size of -3 pmn for minimizing ignition time above a

reacting HTPB solid fuel under supersonic crossflow;

- higher burning rates of solid fuels under subsonic conditions and low pressures by

substituting magr~esiumri-coated boron particles for uncoated boron particles;

- improved Ignition and combustion characteristics of sotid fuels by utilizing high-purity

(> 99%), small, diameter 104.04-01.5 Mm' bororn partcles.

V. References

1.1 Jarymowvycz, T. A., Olgnitton and Combustion of Solid Fuels Undter High-Valocit'ý
Crossflows,* Ph.D. TFirsis, The PNwsyivania State University, August 1991.

Journal Publications and Papier P-r~etaselo~ns

1.2 Jarymow.tycz, T. A.. Yang, V., arnd Kt;ý, K.* K, "mA Numerical Study of Solid Fuel Combustion
Under Supersonlo Crossfiow," Prpesenied at the AJA4JSAE/ASME/ASEE 26th Joint
Propulsion Con fe;ence, AhiM Paper M!o. 90-2,376, Orlando, FL, 1990, accepted for
publication in the Jounnai of Propoiision and Power.

1.3 Jarymowycz, T. A., "fang, V., and Kims, K, K, -Analysis of Boron Particle Ignition Above a
Burning Solid Fuel in a Higli-Veleci'y ,1icml~accepted for publication In the
Proceedings of the Second intern atlorial I ýwrtyosiumn co Fý:c&~ Tvp'cs in Cnýemicai
Propuldeicnn: Combustion of Borcn-PResecldP'oe n aund Stc1ld Fues
Larnpoldshausen, Germany, Mlarch 1991.

1.4 Pace, K. K, Jarymowycz,"IT. A., Yang, V., and Kiio, K. K., *Effc't of Magnesium-Coatevi
Borcin Particles on Burning Characteristics oi Sclid Fuels in High Speed Crosslows,
accepted for publicatio~n ir-a the Proceedings of the Second lntsrnatlonal Symposium on
Special Topics in Chemical Propulsion: Combustion of Boron-Rased Solid Pro pellants
and Solid Fuels, Lampoldshausen, Germany, March 1991.

1.5 Jarymowyczq T. A., Pace, K K., Snyder, T. S.. Yang, V., and Kuo, K K, "Experimnental
Study of Solid Fuel C~mbusflon Uinder High-Velocity Crossf owi tondltions," 27th JANNAF
Combustion Meeting, Cheyenne, WY, Nov. 1990, acce9pted for publicatio~n in the Journal
of Propulsion and Power.



9

1.8 Snyder, T. S., Jarymowycz, T. A-, Pace, K K., and Kuo, K K.. "solid Fuel Ignition and

Combustion Characteristics Under High-Speed Crossflows," presented at the

AIAAISAEIASME/ASEE 26th Joint Propulsion Conference, AIAA Paper No. 90-2075,

Orlando, FL, 1990.



APPENDIX 1.1 i 0

The Pennsylvania State University

The Graduate School

College of Engineering

IGNITION AND COMBUSTION OF SOLID FUELS

UNDER HIGH-VELOCITY CROSSFLOWS

A Thesis in

Mechanical Engineering

by

Taras A. Jarymowycz

Submitted in Partial Fulfillment
of the Requirements

for the Degree of

Doctor of Philosophy

August 1991



11

We approve the thesis of Taras A. Jarymowycz.

Date of Signature

Kenneth K. Kuo
Distinguished Professor of Mechanical Engineering
Thesis Co-Advisor
Co-Chair of Committee

Vigor Yang
Associate Professor of Mechanical Engineering
Thesis Co-Advisor
Co-Chair of Committee

Associate Professor of MIA Engineering

Robert J. Santoro
Associate Professor of Mechanical Engineering

Dennis K. McLaughlin
Professor of Aerospace Engineering

Harold R. Jacobs
Head of the Department of Mechanical Engineering
Professor of Mechanical Engineering



12

ABSTRACT

The solid-fuel ramjet (SFRM) has great pntential as an advanced propulsion

system because of its compactness and simplicity. An understanding of the im-

portant physical and chemical mechanisms involved in the ignition and combustion

processes is I.ecessary in order to further the state-of-the-art of SFRJ propulsion

systems. In this investigation, the ignition and combustion of solid fuels under

high-velocity crossflows have been studied using comprehensive numerical and ex-

perimental analyses.

In the numerical analysis, the formulation is based on the multidimensional

compressible Navier-Stokes equations and species transport equations. Features

of this approach include consideration of finite-rate chemical kinetics and variable

properties. The effects of various operating conditions on the combustion behavior

of the HTPB-based solid fuel samples are treated in detail. Results indicate the

detailed flame structures and flowfields associated with solid-fuel combustion.

The ignition processes of boron particles above a burning solid fuel have also

been studied by numerical solution of Lagrangian equations of motion. Boron parti-

cles are ejected from the surface of the burning fuel into a high-velocity crossflow and

their trajectories are traced through the reacting flowfield. The effects of particle

size on their ignition time and location are determined.

The combustion behavior of hydroxyl terminated polybutadiene (HTPB) based

solid fuels with boron particles were studied experimentally under both subsonic

and supersonic crossflows, using a connected-pipe test facility. The Mach numbers

ranged from 0.47 to 0.74 for subsonic tests, while superson'c tests were conducted

at P, fixed Mach number of 1.5. Instantaneous surface profiles of the solid fuels were

obtained using a real-time x-'ay radiography system. Boron particle addition to
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the fuels greatly diminished the minimunm artbient temperature required for solid-

fuel ignition, since reacting boron particles on the -. ,.ie surfrfze served as a local

heat source for igniting the pyrolyzed fuel-rich ,pecies. Sniscmic combustion studies

revealed that regression rates were highl dependent on f:(restirnam static pres:':res,

and less dependent, on temperature and mass fltux. 'Ihe additi•cn of boron particles

(up to 10 percent by weight) to the HTPB fuels consideraty incemased the buri-ing

rates of the fuels. A burning-rate correiation was obtained ih, ter.vs of pressurc,

temperature, mass flux, and boron corncentration. Combustion oa solid fuels under

supersonic crossflows was also successfully demonstrated.
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NOMENCLATURE

A = Pre-exponential factor

A+ = Damping factor

B = Weight percentage of boron in solid fuel

CD = Drag coefficient

Ci = Molar concentration of :.-ecies i

cp = Constant pressure specific heat

Cý, = Turbulence constant

Dij = Binary diffusion coefficient

Dim = Effective diffusivity of species i against mixture

e = Total stored energy

E = Activation energy

f = Fraction of boron particle melted

g = Gravitational acceleration

G = Mass fiux of oxidizer

h = Convective heat transfer coefficient

hi = Enthalpy of species i

ho = Heat of formation

k = Turbulent kinetic energy

ki = Reaction rate of species i

I = Ti. bulent length scale

LC = Length of combustion chamber

Lf = Length of fuel sample

L, = Characteristic size of turbulent eddy

M = Mach number
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,V!'i = Molecular weight of species i

rh = Mass flowrate of oxidizer
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Nu = Nusselt number
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q = Heat flux
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Q1 = Energy released in reaction of boron and oxygen

Q2 = Energy absorbed in water vapor/boron oxide reaction

Q3 = Energy absorbed in evaporation of boron oxide

rb = Burning rate of solid fuel

rp = Boron particle radius

RB = Molar consumption rate of boron

Rse = Molar consumption rate of boron oxide by evaporation

RH = Molar consumption rate of boron oxide by reaction with water vapor

RU = Universal gas constant

Red = Reynolds number based on droplet diameter

t = Time

te = Eddy lifetime

tt = Transit time of particle in eddy

T,. U = Surface temperature

T•ur = Surroundings temperature

Ts,ref = Temperature of solid fuel at reference state

To = Solid fuel temperature at y = -oo

u = Velocity in x direction

u" = Wall friction velocity
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Ui = Diffusion velocity in x direction

v = Velocity in y direction

V = Diffusion velocity in y direction

x = Coordinate in axial direction

A = Boron oxide layer thickness

Xi = Mole fraction of species i

y = Coordinate normal to fuel surface

y+ = Non- dimensional height

i = Mass fraction of species i
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a = Boron oxide evaporation coefficient

f = Eddy dissipation rate

CB = Emissivity of boron

A = Thermal conductivity

Arff = Effective thermal conductivity

A = Viscosity

Aeff = Effective viscosity

P t = Turbulent eddy viscosity

p = Density

a = Stefan-Boltzmann c.3nstant

r = Viscous shear

w = Vorticity

wi = Rate of production of speeies i

Subscripts

B = Boron
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f#u = Fuel species

9 = Gas phase

p = Particle

s = Solid phase

w =Wall
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= Favre-averaged quantities
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Chapter 1

INTRODUCTION

In the modem development of airbreathing propulsion systems for high-speed

vehicles, attention is often focused on the solid fuel ramjet (SFRJ), because of its

potential for achieving high performance levels while being simple and compact.

The concept of the SFRJ is shown in the schematic diagram of Fig. 1. Compressed

air from the inlet mixes and burns with fuel, and the combustion products are ac-

celerated through an exhaust nozzle to generate thrust. Because of its airbreathing

feature, the vehicle avoids the weight penalty associated with carrying oxidants and

consequently provides a higher specific impulse and longer flight range. The use of

solid fuel greatly simplifies the system design, and eliminates problems associated

with fuel storage and feeding mechanisms. The fuel may also incorporate ener-

getic additives such as boron or metallic powders to maximize performance during

volume-limited missions. However, for the SFRJ to become a viable air-breathing

engine, it must first demonstrate efficient operation under a wide range of Mach

numbers and altitudes.

The purpose of this work is to experimentally amd numerically study the pro-

cesses involved in the ignition and combustion of solid fuels, so that these mecha-

nisms can be better understood for SFRJ applications.
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IN LET

Figure 1. Schematic Diagram of Solid-Fuel Ramjet
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1.1. Survey of Previous Works

1.1.1. Experimental Study of Solid Fuel Combustion

Several investigations 1- 5 have been conducted to determine the effects of free-

stream conditions (including pressure, temperature, and flowrate) on the burning

rates of homogeneous solid fuels in ramjet environments. The majority of these

studies were conducted under low Mach-number flow conditions. Korting et al.1

studied the combustion behavior of polymethylmethacrylate (PMMA) at low mass

flowrates using a connected-pipe test facility. Results indicated that regression rates

were hardly dependent on pressure for freestream pressures below 0.65 MPa, but

at higher pressures where soot production becomes significant, the burning rate

increases with pressure according to the power rule of p0-56 . This is in reasonable

agreement with PMMA combustion studies summarized by Mady et al.2 Further-

more, at low pressures the burning rates are strongly dependent on the convective

heat transfer rates which are influenced by inlet temperature and total mass flux,

but at higher pressures this dependence is weaker due to the increase in radiative

heat transfer.

In low pressure environments (less than 0.6 MPa), Elands et al.3 also noticed a

slight dependence of burnhig rate of polyethylene (PE) solid fuels on pressure. The

effects of temperature and mass flowrate were greater and in accordance with the

relations T°'- and rh0 .5 6 , where T and rh are freestream temperature and flowrate,

respectively. These findings compared reasonably well with predicted data from a

numerical model which calculated burning rates as functions of T, p, and rh. At

higher mass flowrates the temperature dependency was slightly lower, with the

exponent decreasing to 0.50.'
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Schulte4 also studied flame stabilization in an experimenial ramjet motor and

determined flame-holding limits based on various ratios of fael port area tc- nozzle

throa, area, and fuel port area to flame holder area. Flame holding was improved

by increasing these area ratios and by raising the ram air temperature. In addition,

an increase in inlet air temperature enhanced the regression rate of polyethylene

solid fuel to a greater extent than did the air mass flux and chamber pi-essure-

Netzer and Gany5 made similar observations regarding flame stabilization limits

and burning-rate dependencies using a miniaturized solid fuel ramjet.

Schulte et al.6 performed temperature and concentration measurements in an

SFRJ combustion chamber and showed that the flowfield in the combustor could be

divided into two regions: an air-rich core and a high-temperature zone of combustion

products closer to the wall, These two zoies did not mix completely, and the

addition of an aft mixing chamber would have been beneficial to the combustion

process. In addition, the flame position in the redeveloping boundary layer was

slightly dependent on the inlet air temperature.

Attempts to experimentally investigate the combustion of solid fuels under

transonic and supersonic crossflows were made by Snyder et al.7 Results indi-

cated that conventional hydrocarbon fuels such as hydroxyl terminated polybu-

tadiene (HTPB) are difficult to ignite at low pressure. However, this situation can

be improved significantly with the use o, an energetic copolymer such as 3,3-bis

[azidomethyl] oxetane/3-nitratomethyl 3-methyl oxetane (BAMO/NMMO), which

is readily ignitable because of its lower heat of decomposition and availability of

oxygen in the condenspd phase.
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1.1.2. Effect of Boron AdditiveR

Boron is an att-active candidate as a sclid-fuel component for volume-limited

propulsion systems because of its high volumetric heating rate. The heats of ox-

idation nf various elements are listed in Table 1, showing boron with the highest

value on a volumetric basis, azid third highest on a gravimnetric basis. For effec-

tive litilizaticn, boron particles must Ignite and completely burn within the allowed

.ni•.dence time of a combustion chamber. However, since inhibitive boron-oxide lay-

ers usually surround these particles, igrT04ioa and subsequent combustion are often

delayed, thereby hindering the performsan.e of boron-laden fuels. Unless the oper-

ating environment is suited toward raninr',zing the ignition and combustion times,

or manufacturing techniques arc developed to minimize the particle size and oxide

layer effect, boron-containing fuels cannot perform at the desired levels.

1.1.2.1. Singl;-Particle Studies

To understand some of the difficulties associated with the combustion of boron

particles, the ignition and burning processes of individual boron particles have been

studied both experimentally and theoretically. Macek' determined the burning

times of crystalline boron particles with average diameters of 35 and 44 microns

in a hot, oxidizing gas stream at atmospheric piessure. The combustion of boron

particles wa, observed to occur in two successive stages, the first being an igrition

stage during which the boron-oxide layer :s consumed from the surface. Ignition was

then followed by a combustion stage in which the boron particle burned vigorously

with ambient oxidfizer. Burning times were found to decrease with increases in

incoming gas temperature and mole fraction of oxygen (Xo,) in the gas. Addition

of water vapor to the surrounding gas was shown to decrease the burning times
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Table 1. Heats of Oxidation of Selected Elements

Gravimetric Volumetric

Element Density, Heat of Heat of

gm/cm3  Oxidation, Oxidation,

kJ/gm -kJ/cma3

Hydrogen (H) - 141.9 -

Lithium (Li) 0.53 43.2 23.1

Beryilium (Be) 1.85 66.5 123.0

Boron (B) 2.34 58.7 137.4

Carbon (C) 2.25 32.8 73.8

Magnesium (Mg) 1.74 24.7 43.0

Aluminum (Al) 2.70 31.1 83.9

Silicon (Si) 2.33 32.3 75.2

Titanium (Ti) 4.54 19.7 89.6

Iron (Fe) 7.86 7.4 58.1

Zirconium (Zr) 6.49 12.0 78.1
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dramatically. Further works by Macek 9'10 provided a substantial data base for

particle sizes of 37 to 125 microns in diameter, in pressures from 0.17 to 35.0 atm

with a range of oxygen mole fractions from 0.1 to 1.0. For higher values of the

diameter (d), pressure (p) and oxygen mole fraction, the burning times were found

to be inversely proportional to Xo,, directly proportional to d2 and independent

of p. The burning times deviated from these scaling laws at low values of d, p, and

X 0 2 .

Results from these studies were compared with the predictions of an ignition

model by King" which described the ignition event in terms of the physical and

chemical processes involved in removing the oxide layer from the surface of the par-

ticle. Ignition times decreased with increasing initial particle temperature for large

particles with radii greater than 10 microns. Decreasing the oxygen partial pressure

increased the minimum ambient temperature required for ignition and the total

ignition time of the particles. Further refinements of this numerical model12-1 4

attempted to fully describe the fundamental heat and mass transfer processes sur-

rounding the particle, including the effects of radiation, oxide-layer thickness, water

vapor and oxygen mole fractions in the ambient gas. Comparison of model pre-

dictions with the data of Macek8 were quite reasonable. The ignition model was

then linked with a combustion model" for clean boron particles under kinetic- or

diffusion-limited conditions, leading to a unified model for boron particles. The

combustion stage is diffusion-controlled for large particles and kinetics-controlled

for small particles, with transition in the region from 15-30 microns in diameter,

depending on the ambient pressure.

Mohan and Williams1' also studied the ignition and combustion of laser-ignited

boron particles in the 100 micron diameter range. A diffusion-controlled droplet

burning equation was applied to the combustion stage and agreement was attained



31

between theory and experiment. However, the application of this model is limited to

high-temperature (T > 2300 K), dry environments in which the particle diameters

are greater than approximately 40 microns and the burning is diffusion-controlled.

Because of the important role which boron oxide (B2 0 3 ) plays in the ignition

process, the gasification process of B20 3 droplets was studied in wet and dry ox-

idizing environments by Turns et al.1 Droplets with 1000 micron diameters were

examined under freestream gas temperatures from 1500-1975 K at atmospheric

pressure. Large variations in ambient oxygen concentration produced little or no

effect in the droplet lifetimes, whereas the presence of water vapor in the ambient

gas significantly increased the gasification rate of the particles. A diffusion-limited

equilibrium model provided agreement between oxide drop-life histories and exper-

imental data for particles with temperatures greater than 1350 K.

1.1.2.2. Boron-Based Solid Fuel Studies

Recent experimental studies in boron-based solid fuel combustion have focused

on the effect of boron loading on regression rate and combustion efficiency. Snyder

et al.18 studied the effects of boron percentage on the burning rates of hydroxyl

terminated polybutadiene (HTPB) solid fuels by adding small fractions of boron

powders to enhance the ignition and combustion characteristics of the fuel samples.

Regression rates were found to increase with boroa addition up to 10 percent,

but further addition of boron caused the fuel regression rates to decrease. Pein

and Vinnemeier 19 noted similar effects on specific thrust at a boron loading of 20

percent. Specific thrust increased with boron loading to 20 percent; however further

addition of boron hampered combustion efficiency and decreased specific thrust.

This decrease may be attributed to (1) the heat-sink effect associated with unignited
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boron particles in the gas phase which reduced the gas-phase temperature, (2)

shielding of heat feedback to the surface by a large number of boron particles above

the surface, and (3) decreased gas-phase reactions due to the smaller percentage of

HTPB contained in the sample.

Gany and Netzer20 studied the combustion processes of highly-loaded boron-

based fuels in solid fuel ramjets. In this study, the fracti'on of binder ingredients

in the samples was only 30 to 50 percent. Results from direct visualization showed

large segments of fuel being ejected from the surface and being swept downstream.

Ignition of these pieces ordinarily occurred in the gas phase; however, surface rough-

ness caused by the ejection of the segments allowed for direct impingement of oxygen

onto the surface and subsequent surface heating and glowing.

Karadimitris et al.21 also studied the regression and combustion characteristics

of highly loaded boron-containing solid fuels, and noticed similar results with regard

to the shedding of flakes of unburned material from the fuel surface. This process

played a major role in the overall mass loss rate of the solid fuel. The fuels did

not burn well at pressures below 40 psia, primarily due to the lack of adequate

gas-phase reactions for complete ignition and combustion of the boron flakes, and

inherently poor combustion efficiency of boron at low pressures.

1.1.3. Numerical Study of Solid Fuel Combustion

Turbulent reacting flowfields in solid-fuel combustion chambers have also been

studied numerically using finite-rate combustion models. Elands et al.' sorved a

two-dimensional flow over a rearward-facing step, and incorporated a burning-rite

equation for a polyethylene solid fuel along one of the wall boundaries. Flame

temperatures varied significantly among the finite-rate kinetics and diffusion-flame
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models tested; however, the near-wall temperature gradients and corresponding

burning rates did not differ substantially. Predictions from the numerical model

compared reasonably well with experimental data. Milshtein and Netzer 22 exam-

ined the qualitative effects of inlet air location and flow characteristics on solid-fuel

regression rate patterns using a three-dimensional computer code with finite-rate

kinetics. Predictions showed that regression rates could vary significantly, depend-

ing nn the manner in which the air was introduced into the combustion chamber.

In addition, inlet air swirl could be used to improve fuel utilization.

1.2. Objectives

The previous studies have provided useful information regarding solid-fuel com-

bustion; however, the majority of these studies were conducted in low-speed envi-

ronments. The primary objective of this research is to investigate the ignition and

combustion processes of solid fuels under a wide range of Mach numbers, including

both subsonic and supersonic crossfiows.

The work .aas accomplished using experimental and numerical techniques.

Specifically, the objectives in the experimental study are as follows:

1. to determine the feasibility of solid-fuel combustion under high-velocity

crossflows;

2. to study the effect of boroi± particles on the ignition and combustion

characteristics of HTPB-based solid fuels; and

3. to determine the effects of freestream conditions such as pressure,

temperature, and mass flux on the burni.ng rates of HTPB-based solid fuels.

A full description of the experimental apparatus is given in Chapter 2, with discus-

sion of the results in Chaptei 3.
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A comprehensive theoretical formulation of the combustion of homogeneous

solid fuels under supersonic crossfiow conditions will also be presented, with a de-

scription of the numerical algorithm. As a specific example, the combustion behav-

ior of puie HTPB fuel samples is treated in depth. To better understand some of the

complex two-phase phenomena occurring above a reacting boron-laden solid fuel,

the ignition behavior of boron particles in a ramjet environment is treated. The

approach pr~ented herein should furnish a more realistic indication of the varying

conditions surrounding a particle as it travels through a turbulent reacting flowfield

into an oxidizing core region. The specific objectives of the numerical study are:

1. to investigate the detailed flowfields and flame structures involvhid in the

combustion of solid fuels in a supersonic flow environment;

2. to determine the burning rates of the fuel samples under various conditions;

3. to examine the effects of the freestream conditions (specifically pressure

and temperature) on the pyrolysis and combustion characteristics of the

fuel samples;

4. to study the ig-nition process of individual boron particles ejected from a

reacting solid fuel under a high-velocity crossflow;

5. to determine the effect of particle size on the ignition time and location of

the particles;

6. to investigate the effects of freestream parameters, including pressure and

temperature on the ignitability of the boron particle; and

7. to determine if ignition delay times of boron particles can be minimized

by utilizing a particular size range of particles.

The comprehensive formalation of tbe numerical model is given in Chapter 4, with

a description of the solutioan in I:~aptef 5, and Znlly the itscvs,ýOn o'f

results in Chapter 6. Conclusions of this studyV are summarized in Chapter 7.
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Chapter 2

EXPERIMENTAL APPROACH

2.1. Test Facility

In order to study the physical and chemical mechanisms involved in the com-

bustion of solid fuels, a test facility was constructed consisting of the following

major components: an air supply system, test rig, and data acquisition and control

systems. These components are described in the following subsections.

2.1.1. Air Supply System

The air supply system serves as an air reservoir for blowdown tests. A detailed

desciiption of this facility is given in DMosa,23 therefore, only a short summary is

provided here.

The system consists of a compressor plant, two air storage tanks, and gas

supply lines to the test rig. The compressor plant houses a primary compressor,

an intEci-mediate receiver, and a booster compressor. All three of these units were

manufactured by Ingersoll-Rand. The primary compressor, otherwise known as

ESH, is a double-acting, horizontal compressor. The ESH is a nonlubricated unit

that provides two stages of compression with a maximum discharge of 2.5 MPa (350

psig) to the intermediate receiver. The receiver dissipates the discharge pulses from

the ESE and feeds the booster compressor. The booster (or ESV) is a double-acting

c'impressor, and like the ESH, is also a non-lubricated unit. The booster provides

an additional stage of compression and is capable of discharging up to 4.9 MPa (700
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psig) of air to the storage tanks.

The air storage tanks have a dry capacity of 72 cubic meters (19,000 gallons),

and have a rated working pressure of 5.3 MPa (750 psig). The tanks stand six meters

(20') high and weigh approximately twenty-nine tons each. The storage tanks can

discharge the compressed air to the test rig through 5.1 cm (2") and 10.2 cm (4")

diameter gas supply lines, which are rated at 4.9 MPa. The rate of discharge is

regulated by pneumatic ball valves, which are described in the following section.

2.1.2. Test Rig

The co~iected-pipe facility is shown schematically in Fig. 2. The rig consists

of several major components including: a pneumatic ball valve, vitiator, settling

chamber, converging-diverging nozzle, and combustion chamber.

Primary air flow for the rig is released from the storage tanks through the

10 cm discharge line, and is regulated by a 7.5 cm (3:') pneumatically controlled

Fisher ball valve. To simulate flight conditions at high altitude, the temperature

of the primary air must be increased. This is accomplished by mixing and burning

the air with an appropriate amount of liquid propane in the vitiator, achieving a

maximum temperature of 1000 K. Preheating the air also improves the ignitabil-

ity of the fuel sample in the combustion chamber. For the majority of tests, the

mole fraction of oxygen in the vitiated air is fixed at approximately 0.17. After

passing through a diverging section, the gas flows through the settling chamber,

which contains a series of perforated plates, screens, and honeycomb for breaking-

ap the large-scale turbulent structures and flow straightening. The Mach number

in the settling chamber is quite low (less than 0.05), therefore stagnation pressure

and temperature are measured at this location. The inner diameter of the settling
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chamber is 33 cm (13") with an inner surface coating of Hydrecon, an insulating ma-

terial for reducing heat loss to the chamber walls. Further downstream, a transition

section between the settling chamber and converging-diverging nozzle changes the

flow configuration from axisymmetric to 2-D rectangular. The hot gas then passes

through the convergent-divergent nozzle which accelerates the flow to a supersonic

Mach number of 1.5, or as in most cases, a subsonic Mach number in the vicinity

of 0.7. The inlet channel to the combustion chamber is 3.175 cm (11") in height

and 10.2 cm (4") in width. A rearward-facing step provides a recirculating region

for flame stabilization above the fuel sample. The final product gases pass through

the adjustable nozzle and are released to the ambient surroundings. The purpose

of the exhaust nozzle is to choke the flow and control the Mach number in the test

section for subsonic operation. For supersonic operation, the downstream nozzle

is removed, since the combustion chamber operates at static pressures above one

atmosphere and the flow is already choked by the upstream nozzle.

A detailed diagram of the combustion chamber is provided in Fig. 3, showing

the dimensions and features of the test section. The high-enthalpy flow enters the

combustion chamber through a short and straight rectangular inlet measuring 3.18

cm in height, 10.16 cm in width, and 10.8 cm in length. The inlet flow has a Reynolds

number based on the inlet height of approximately l X106 before passing over a

rearward-facing step into the test section. The solid fuel sample is placed directly

behind this step. The initial step height is kept constant for all subsonic tests

at 1.27 cm, creating a recirculation zone with sufficient dimensions for achieving

ignition and stable combustion of the fuel sample, and leaving adequate space for

boundary layer redevelopment in the downstream portion of the fuel sample. During

supersonic operations, the step height is increased to 1.91 cm to provide a larger

recirculation zone for flame stabilization. After ignition, an electronic actuator may
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be used to feed the fuel sample upward in order to study the effect of step height

on combustion behavior. The sample feeding rate is on the order of 2.5 cm/s.

The facility is capable of providing vitiated air at a high-velocity crossflow

with a static pressure range of 0.1 to 0.62 MPa in the test section, simulating

the combustion chamber conditions of a hypersonic vehicle at high altitudes. The

maximum flowrate attainable at Mach 1.5 is 8 kg/s with a'duration of four minutes

at the highest pressure.

2.1.3. Data Acquisition and Control Systems

Pressure and temperature measurements are taken at several locations: the set-

tling chamber, upstream of the convergent-divergent nozzle, the inlet of the combus-

tion chamber, and downstream of the solid fuel sample. Data are not taken in the

regions surrounding the fuel sample, since measurements in these locations would

interfere with the video systems. Combustion chamber temperature and pressure

are monitored at the locations shown in Fig. 3. Temperature measurements are ob-

tained using R-type (platinum/platinum-13% rhodium) thermocouples. Radiative

and catalytic effects on the thermocouple beads are found to be negligible because

of the high convective velocity and small bead size of 200 microns; therefore, no

corrections are made to the temperature readings. The pressure measurements are

taken using high output transducers from Setra Systems, Inc. An IBM PC/AT

computer records all temperature and pressure measurements using a Metrabyte

DAS-16 high-speed data acquisition system. A Metrabyte EXP-16 expansion board

provides an additional 16 channels of differential analog input.

Steady flow conditions are achieved by means of a feedback control loop be-

tween the pneumatic ball valve in the air supply line, a single-loop digital controller,
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and a pressure transducer in the settling chamber, with a maximum fluctuation of 1

percent in the stagnation pressure. The controller is manufactured by Moore Prod-

ucts and the model type is MYCRO-352. A 4-20 mA signal from the controller is

converted to a pneumatic pressure via a 546 Electro-Pneumatic Transducer (Fisher),

which regulates the supply pressure for the ball valve. The air flowrate to the test

rig is therefore regulated by changing the output current from the Moore controller.

The liquid propane flowrate to the vitiator is regulated by a Worcester Controls

V-seat 1" control valve. A 1075 electric actuator from Worcester drives the valve

based on a 4-20 mA signal provided from the test operator. The propane flowrate

is monitored by an Omega FTB-100 Series turbine flowmeter.

2.2. Solid Fuels

All fuels studied in this work are processed by mixing liquid HTPB binder

(ARCO R45-M) and various percentages (0-20 by weight) of boron powder with

the curing agent isophorone diisocyanate (IPDI). Amorphous boron powders added

to the fuels have a purity of 99.9% and a size range of 0.04 to 0.15 microns in

diameter. The fuels are prepared by thoroughly blending all of the ingredients in

a vacuum mixer at 500C for one hour. After mixing, the fuels are poured into a

mold, placed in a vacuum desiccator for three hours, then cured at 650C for at least

four days. The samples measure 15.2 cm in length, 5.1 cm in width, and 3.2 cm

in height for the subsonic tests. During supersonic operations, the width of the

samples is increased to the full width of the chamber (10.16 cm) in order to prevent

expansion of the gas to the sides of the fuel sample and to maintain a high pressure

above the fuel surface. The narrower samples are used for subsonic tests to avoid

direct impingement of the flame onto the side windows and prolong the lifetime of

the windows.
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2.3. Igniter

A pyrophoric liquid, triethylbozane (TEB), is injected into the recirculation

zone to achieve ig'ntion of the solid fuels. A stainless steel tube with an outer

diameter of C 32 cm is extended slightly above the sample sorface to inject TEB

parallel to the top surface of the sample at an angle approxeimately 60 degrees from

the side walls. The injection time is orcAnarily on the order of one second, then the

TEB is turned off after solid fuel Agnition is attained. in some cases, the solid fuel

samples are ignited by the hot crossflow gas without the aid of TEB, but this is

highly dependent upon freestream conditions and fuel composition.

2.4. Real - Time X -- Ray Radiography and Video System

Instantaneous surface profiles of the solid fuels are obtained using a real-time x-

ray radiography system. The system, shown in Fig. 4, con.'ists of an x-ray source, an

image intensifier which receives the x-ray image through the graphite windows, and

a video camera. After completion of each test, the regression rate of the fuel sample

is deduced using a digital image processing system. This non-intrusive technique

offers several advantages ever the conventional optical methods in measuring the

instantaneous surface profiles of fuel samples. First, x-rays easily ,deutify the fuel

surface by penetrating through the two-phase combustion products surrounding

the sample, which are usually opaque for other visualization techniques. The flame

does not interfere with the interpretation of the surface profiles, since the luminous

flaxne zone is not visible on the x-ray images. Second, gas purging of the viewing

windows, as required by the direct photography technique, is not necessary since

deposits of fuel and/or char on the wiundo,vs are easily penetrated by the x-rays.

The elimination of gas purging also sirp'iýIes the design of the combustion chamber.
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Third, the viewing area (6.35 cm in height x 13.3 cm in length) encompasses a large

portion of the fuel sample and its associated reacting flowfield, so that the complete

surface profile is contained on one image.

Direct video is also employed to study the burning phenomena of the solid fuels.

The top view of the solid fuel is captured through a quartz window (see Fig. 3)

to study the surface ignition, flame spreading, and combustion processes. Another

video camera records the exhaust plume emanating from the combustion chamber.
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Chapter 3

EXPERIMENTAL RESULTS AND DISCUSSION

A series of subsonic and supersonic tests were performed using the facility de-

scribed in Chapter 2. For subsonic crossflow conditions, the inlet static pressures

and freestream temperatures ranged from 0.26 to 0.57 MPa and 550 to 1080 K, re-

spectively. Vitiated air entered the combustion chamber at flowrates ranging from

1.1 to 3.1 kg/s and Mach numbers from 0.47 to 0.74. Figures 5 and 6 show typical

temperature and pressure histories recorded from a subsonic test with a sample con-

sisting of 5 percent (by weight) boron in the HTPB binder (denoted as B/HTPB,

5/95). Ignition of the propane/air mixture in the vitiator occurs forty seconds into

the test, as indicated by the abrupt increasc. .,-t i-nperature shown in Fig. 5. Prior

to this time, the cold air is slowly introduced lato the test section. After ignition in

the vitiator, the propane and air flowrates are steadily increased to raise the temper-

ature and pressure of the hot gas. Heat transfer to the solid-fuel sample raises the

surface temperature of the sample, and the fuel begins to slowly release pyrolyzed

fuel-rich gaseous species from its surface. According to the thermogravimetric anal-

ysis of B/HTPB fuels at a heating rate of 100 deg/min,24 decomposition starts at

approximately 520 K, and reaches a peak weight loss in the neighborhood of 680

K, with boron having only a very limited effect. A dashed vertical line at t=64

seconds in Fig. 5 represents the time at which the gas temperature exceeds 520 K.

For this particular test, TEB injection is not necessary because the temperature of

the vitiated air is sufficiently high to promote exothermic surface reactions of boron

particles which serve as a local ignition source for the air and pyrolyzed fuel mix-
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ture. Following ignition of the fuel sample, the flowrates of propane and air remain

fixed, resulting in a constant pressure for f h- duration of the combustion event. Thie

occurrence of ignition is indicated by a large spike in the test-section thermocouple

B reading, as shown in Fig. 5. The height of the thermocouple is initially aligned

with the sample surface prior to the test. When the fuel sample ignites, the flame is

in close proximity to the thermocouple; however, as the sample regresses, the flame

zone moves down with the surface of the sampie, thereby increasing the distance

between the flame and thermocouple and reducing the temperature reading. The

abrupt drop in temperature at the eud of the tes. i3 caused by shutdown of the test

facility.

Figure 6 shows three separate pressure-time traces measured in the settling

chamber, combustion chamber inlet, and test section. As shown in these traces,

ignition of the solid fuel sample causes a small, abrupt increase in each pressiize

reading. During the combistion event, the Mach number at, the inlet is ffi:ed at

0.61. This value is calculated using the static to stagnation pressure ratio, then

verified by determining the correct pressure ratio based on the inlet to nozzle ar,.a

ratio.

3.1. Ignition Sequence

As mentioned previously, autoignition of the solid fuel can be initiated by

reactions of boron particles on the surface of the fuel sample. This ignition process

relies on several important physical and chemical mechanisms, including pyrolysis

of the solid fuel, mixing of the pyrolyzed fuel-rich species with the oxygen, and

ý'..bsequent ignition of the mixture by the reacting boron particles. In order to

describe this sequence in more detail, the ignition process of the boron particle is

briefly summarized below.
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Previous studies of ignition and combustion of individual boron particless,25

indicate that boron undergoes a two-stage ignition process. The first stage begins

with the removal of a thin inhibitive oxide layer from the particle surface. Heat

transfer to the particle melts the oxide layer at 723 K, thereby allowing oxygen to

diffuse across the molten oxide layer. The boron/oxygen reactions produce addi-

tional boron oxide which thicken the oxide layer, but also raise the temperature

of the particle due to the exothermicity of the reactions. This initial rise in tem-

perature is accompanied by the appearance of luminosity, and marks the onset of

the first stage of particle ignition. In order for the ignition process to continue,

the particle temperature must continue to rise. This occurs by further convective

or radiative heat transfer to the particle, which evaporates the oxide layer from

the surface. In addition, self-heating from boron/oxygen reactions raises the par-

ticle temperature at the expense of boron oxide production. At a sufficiently high

freestream temnperature (ca. 1900 K), thsý evaporation rate of the boron oxide is high

euough to completely remove the oxide layer. The elemental boron is then directly

exposed to the oxygen, giving rise to highly exothermic heterogeneous reactions and

the second stage of partice ignition. This results in full-fledged combustion and a

muc1.L brightcr' fl&.me surrounding the particle.

Figure 7 chow3 the to)s view of the ignition sequence of a B/HTPB (5/95) fuel

sample. The flow conditions are gi,,en in Figs. 5 and 6. The viewing area of the

window spans 19 cn. in length by 7 cm in width, and the flow direction is from left

to right. Since the fuel sample is 15 im in length. a small portion of the downstrefan

section of the cnrnbtUstion chambcr is visible on the right side of the window. The

temperature of the crossflow gas is approximately 750 K, sufficient to melt the

o;:ide layers on the parti'zles and promote the frst step of particle ignitioii, Figi)re

7a reveals glowing spots or. the fuel suirface which appear to be boron particles in
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a. t=0.O00 s

b. t=0.033 s

c. t=0.067 s

d. t=O.100 s

e. t=0.133 s

Figure 7. Autoignition Sequence of a B/HTPB (5/95) Solid Fuel Viewed
through Top Window at a Framning Rate of 30 pps



51

the first stage of ignition. As shown in the sequential Figs. 7a through 7c taken

at a framing rate of 30 pictures per second, the glowing particles on the surface

provide the heat necessary to ignite the pyrolyzed fuel-rich gas and air mixture.

Ignition of the gas phase begins in the recirculation zone formed by the rearward

facing step, and spreads downstream very quickly as shown in Figs. 7c and 7d. The

flame-spreading process ordinarily occurs in less than 0.05 seconds for the B/HTPB

fuels used in this study. Finally, Fig 7e shows full-fledged ignition of the solid fuel

sample. The erratic edges of the window are video distortions caused by the high

noise level in the test room.

After ignition of the solid fuel, the glowing boron particles are ejected with py-

rolyzed fuel-rich species into the gas-phase reaction zone. In order for the particles

to achieve full-fledged ignition and combustion, they must pass through the flame

zone. In summary, the ignition process of the boron-laden solid fuels is as follows.

The high-temperature crossflow gas promotes the first stage of boron particle igni-

tion. The regions surrounding the reacting particles create a reaction site for the

pyrolyzed fuel-rich species and air mixture, which results in flame spreading and

stabilization above the solid-fuel surf ace. Once the fuel sample sustains combustion,

ejected boron particles can achieve their second stage of ignition by passing through

the established flame zone.

Within the Mach number range tested in this work, the majority of boron-

laden solid fuels can ignite at inlet temperatures between 725 and 820 K without

the use of TEB. This temperature range is conducive to ignition, since HTPB

pyrolyzes below this temperature range, and boron particles begin theil ignition

process with the melting of the oxide layer at 723 K. All of these fuels ignited

in the recirculating region, even though some had glowing boron particles on the

sides and in the downstream region of the sample. In addition, ignition of the
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solid fuel did not instantaneously occur when these glowing spots were formed in

the recirculation zone, but occurred only after a sufficient amount of gas pyrolyzed

from the fuel surface. An attempt was made to establish a correlation between

the time allowed for pyrolysis and the ignition temperature, but none was found

because the elapsed time between these two events was primarily dependent on the

test procedure and the sequence in supplying propane and air to the test rig.

The ignition sequence for B/HTPB (0/100) fuels without the aid of TEB was

slightly different than that for boron-containing fuels, since boron particles were

not available on the surface to promote ignition. The HTPB fuels did ignite in

the recirculation zone; however, the required inlet temperatures were beyond 820

K. The ignition event of a B/HTPB (0/100) fuel is shown in Figs. 8a through

8e. Figure 8a reveals onset of ignition of the gas-phase mixture in the recirculation

zone, and the next three figures show the flame-spreading phenomenon which is

similar to that of the B/HTPB (5/95) fuel. The B/HTPB (0/100) fuels showed

no indication of a localized ignition source to initiate the ignition process; instead

ignition seemed to occur spontaneously over a distributed region in the recirculation

zone. The flame spread slightly faster compared to the boron-laden fuels, but this

might be due to the faster gas-phase kinetics caused by a higher inlet temperature.

As previously mentioned, TEB was available to ignite the solid fuel; however,

it was used only under conditions which necessitated its use. Typically, TEB was

used for those tests with low inlet temperatures in which auto-ignition of the fuel

species in the gas phase was difficult to achieve. When the operating conditions

matched the desired test temperature and pressure, the TEB was injected and

the fuel samples ignited within one second from the start of injection, with the

exception of one test erm.ploying B/HTPB (0/100) fuel at a low inlet temperature.

For this particular test at 620 K, the fuel sample ignited momentarily when TEB
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a. t=O.O00 s

b. t=0.033 s

c. t=0.067 s

d. t=0.100 s

e. t=0.133 s

Figure 8. Autoignition Sequence of a B/HTPB (0/100) Solid Fuel Viewed
through Top Window at a Framing Rate of 30 pps



54

was injected for ten seconds above the surface; however, the sample extinguished

after the igniter was turned off. A B/HTPB (10/90) fuel sample tested at a lower

1±llet temperature of 550 K did ignite and sustain combustion after TEB injection.

The successful ignition of this fuel is most likely caused by the increased surface

absorptivity due to the addition of boron particles. Another factor contributing to

the flame stabilization at low inlet temperatures is the increase in heat feedback to

the surface from the ejected boron particles reacting above the solid fuel.

3.2. Combustion Characteristics

3.2.1. Subsonic Results

Figure 9 shows the instantaneous surface profiles deduced from the x-ray ra-

diography system for a B/HTPB (5/95) sample burning under a subsonic crossfiow.

The profiles are taken at axial locations 4.5 to 13.5 cm from the rearward-facing

step at intervals of 1.5 cm. These profiles are not extended to the full length of

the sample because all of the fuels experience some degree of end burning; there-

fore, data at the 15 cm location are not always available. In addition, the region

upstream of the 2.8 cm location was not visible due to restrictions in the size of the

graphite side window (the graphite window was 13 cm in length, whereas the fuel

was 15 cm long). The dashed line corresponds to the fuel surface profile before the

test, and the solid lines are the contours of the sample taken after ignition at five

second intervals. The first profile taken immediately after ignition of the entire fuel

sample at t=110 seconds shows the degree of fuel pyrolysis prior to ignition. Since

each test necessitates some start-up time to achieve operating conditions, all solid

fuels exhibit similar pre-ignition pyrolysis. The fuel surface profiles show a slight in-

crease in regression rate in the downstream region caused by enhanced heat feedback
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from the diffusion flame- rie Although Fig. 9 does not indicate a large variation

in burning rate along the length of the sample, some tests indicate a variation as

large as I0 percent. The reason for the uneven burning may be attributed to larger

amounts of fuel-rich species being reacted in downstream lo-;ations iathcr than at

upstream stations. This occurs because the majority of the pyrolyzed gases are

transported downstream by the shear flow before chemical reactions occur. Thus,

heat release in the diffusion flame is greater in the downstream region.

Figure 10 shows the influence of freestream pressure on the regression rates of

HTPB-based solid fuels with boron loadings of 0 and 10 percent. The regression

rates are averaged values from the locations at 6.0, 9.0, and 12.0 cm from the

rearward-facing step, which cover a significant portion of the fuel sample. The

error bars on the data are based on ucertainties in locating the top surface of

the solid fuel when using the digital image processing system (1 to 2 pixels). This

uncertainty results in an error of 2 to 4 percent in the total burning rates. For the

fuels shown in Fig. 10, the burning rates increase substantially with pressure. Two

mechanisms can be attributed to the enhanced burning rates at bigher pressures.

First, the increase i:n pressurc corresponds to an increase in oxidizer-to-fuel ratio,

allowing additional reactions of oxidizers with the fuel-rich pyrolysis products and

boron particles. This results in higher flame temperatures and greater heat transfer

to the fuel surface, thus increasing the regression rate of the solid fuel. Second, the

gas-phase kinetics are faster, which also intensify the reactions above the fuel surface

resulting in enhanced heat feedback to the fue! sample. Unfortunately, what cannot

be shown by the x-ray images is the change in the height of the diffusion flame

above the surface. This standoff height may be altered by changes in molecular

diffusion rates, surface blowing, and turbulent mixing, which can be functions of

pressure. Diagnostic procedures other than x-ray may reveal the effect of pressure
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on the flame height.

The effect of boron on the regression rate of the HTPB fuels can also be de-

termined from Fig. 10. In order to compare the 0 and 10 percent boron data, the

burning rates must first be independent of freestream temperature. Therefore, the

regression rates of the 10 percent boron are adjusted from the 775 K freestream

temperature to corresponding burning rates at 815 K by employing the power rule:

rb oc T°' 28 . The value of the exponent will be justified later in this chapter. The

new curves are shown in Fig. 11, with additional points coming from data at tem-

peratures other than those shown in Fig. 10. The addition of 10 percent boron to

a pure HTPB fuel increases the burning rate by approximately 10 percent. This

increase can be attributed to the additional convective and radiative heat transfer

from the reacting particles to the fuel surface, as well as the increased radiation

absorptivity of the fuel surface.

Fuels with boron loadings greater than 10 percent were also tested. A higher

boron particle loading of 15 percent slightly decreased the burning rate compared

with the 10 percent boron fuel. This may be due to the following reasons: (1) the

decreased HTPB content in the fuel diminishes the gas-phase reactions and reduces

the energy supply for complete ignition and combustion of boron particles, (2)

the higher boron percentage increases the heat-sink effect in the gas phase, which

reduces the flame temperature and results in incomplete ignition and combustion of

the particles, thereby reducing the heat feedback from the ejected particles, and (3)

the heat feedback is diminished due to shielding caused by accumulated particles

on the surface. Only a few tests were conducted at these higher loadings and more

data may be needed to support these statements.

The effect of freestream temperature on the burning rates of B/HTPB fuels

with particle loadings of 0, 5, and 10 percent is presented in Fig. 12. The burning
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rates increase with freestremm tempErati,ýe due to enhanced convective heat transfer

to the fuel surface from the crossfic.w and c^.Fstex c' cal r-"etion rates at elevated

temperatures. The rise in freestream temperatur. - t only inc ei,.3es the gas-phase

reaction rates, but also increases the convective b.a, tr 7 .T boron particles,

which subsequently decreases the heatup and ignit.e. boron in the gas-

phase reaction zone above the fuel sample. At lower inlet temperatures the particles

may ignite but riot until they are convected downstream of the solid fuel where less

energy can be directly transferred back to the fuel. If the particles achieve ignition

boner due to the higher inlet temperatures, they can supplement the heat feedbiick

to the fuel surface witl, radiative and convective heat transfer from the condensed-

phase reactions. Figurc 12 also supports the observation of higher burning rates

with increased boron loadings to 10 percent.

In order to assess the effects of temperature, pressure, and boron loading per-

"7entage on the burning rates in a more general and quantified sense, the independent

variables were input into a power law of the form:

rb = a pb Tc Gd (1)

where the pre-expornential constant a and the pressure exponent b are functions of

boron percentage. The units of pressure, temperature, and burning rate are MPa,

K, and mm/s, respectively. In this work, boron loading varied from 0 to 20 percent,

pressures from 0.26 to 0.57 MPa, temperatures from 550 to 1080 K, mass flux from

337 to 965 kg/im2 /s, and Mach number from 0.47 to 0.74, with an initial combustion

chamber step height of 1.27 cm. The correlation determined from a least-squares

estimation of nonlinear parameters 26 is shown below.

rb =(0.06 + 0.03B)p"-6( 1. 0 -0 . 23 B) T 0 "28 G0 09 (2)
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Results from thds correlation are shown in Fig. 13, where the fitted power law

is shown on the horizontal axis, and the observed burning rates on the vertical

axis. The diagonal line signifies agreement between fitted and observed burning

rates. The data correlates reasonably well for the wide range of pressures and

temperatures, with pressure exhibiting the most dominating effect on the burning

rate. This equation was utilized to adjust the data shovn in Fig. 10, such that the

effects of pressure and boron concentration on burning rates could be compared,

without regard to temperature effects. According to the power-law expression,

addition of boron to an HTPB fuel increases the burning rate; however, relatively

few data are available for boron loadings greater than 10%, and care must be taken

before extrapolating this equation to higher boron concentrations.

Efforts were made to incorporate the effect of mass flux into the correlation,

but the current results indicate only a very weak effect on the bur-ing rate, with

an exponent of 0.09 for the mass flux in the power-law expression. Since mass flux

is a function of pressure, temperature, and Mach numbt.r, and no direct attempts

were made to keep the pressure and temperature constant while changing the Mach

number, it is Dossible that the major effects of the mass flux are represented in the

pressure or temperature exponents. Future tests should incorporate variations in

Mach number while keeping the remaining independent variables constant.

3.2.2. Supersonic Results

The combustion of solid fuels under supersonic crossflows was also achieved

with B/H'TPB (10/90) and B/HTPB (0/100) samples at a Mach number of 1.5.

The first test was conducted with B/HTPB (0/100) to determine the effect of the

step height on flame stabilization. The initial step height was 1.27 cm prior to

the test. Under Mach 1.5 crossflow with a frsestream temperature of 900 K and
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static pressure of 0.30 MPa, the fuel sample did not ignite with TEB injection.

To achieve ignition, the step height was increased to 1.9 cm by lowering the fuel.

With a larger flame stabilization region, the fuel ignited with TEB injection. After

ignition, the TEB injection was turned off and the sample burned for approximately

seven seconds. No further attempts to ignite the fuel sample were made because

the fuel sample had pyrolyzed significantly.

In order to promote ignition of the B/HTPB (10/90) fuel sample, the initial

height of tn. rearward-facing step was increased to 1.91 cm prior to the succeeding

test. In this arrangement, the top surface of the fuel was directly in line with the

exit channel of the combustion chamber. TEB was injected onto the surface of

the fuel sample in order to achieve ignition. As the sample regressed, a forward-

facing step was formed at the rear of the sample with the exit channel. A set of

instantaneous surface profiles from a supersonic crossflow test is presented in Fig.

14. The dashed line corresponds to the surface profile taken before the test, while

the solid lines are contours taken during combustion of the fuel. The first profile

is taken immediately after ignition of the entire fuel sample at t=85 seconds. This

profile indicates a significant amount of pyrolysis in the downstream region before

ignition, with most of the pyrolysis occurring 10.5 to 12.0 cm from the rearward-

facing step. After ignition, the average burning rate of the sample is approximately

0.49 mm/s. Visual observation of the exit plume confirms that reactions also occur

downstream of the sample in the supersonic flow.
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Chapter 4

THEORETICAL FORMULATION

The physical geometry considered in the analysis is shown in Fig. 15. A uniform

supersonic air flow enters a two-dimensional chamber in which a solid fuel sample

pyrolyzes and reacts with the ram air in the gas phase. To facilitate formulation,

the gas phase, solid fuel, and boron particles are treated separately. The gas and

solid phases are linked together through the balance of mass and energy fluxes at

their interface. In order to achieve steady-state conditions in the gas phase and at

the fuel boundary, the fuel is fed at a rate of rb equal to the local burning rate,

which keeps the surface of the burning sample stationary. A single boron particle

is then ejected from the fuel surface into the surrounding gas, and tracked through

the turbulent flowfield to the exit of the chamber. The instantaneous gas properties

surrounding the particle are incorporated into the boron particle ignition model, but

mass and energy fluxes from the particle are not included in the gas-phase solution

since the effect of an individual particle on the flowfield is minimal. The gaseous

flowfield is therefore decoupled from the influence of the paxticle. This assumption

is justified for two-phase flowfields with high void fractions.

The single-particle model presented here is a first-step approach to solving

flowfields above solid fuels with high boron loadings. For high boron mass fractions,

particle-particle interactions as well as gas-particle coupling must be considered.

These phenomena would be added to the current model, should treatment of high.

loadings be necessary. This type of single-particle trajectory analysis has been

performed by Natan and Gany2" in a low-speed environment with Mach numbers
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less than 0.1 and particle sizes greater than 25 microns in diameter. The work

presented here considers much smaller particle sizes on the order of 5 microns in

a high-velocity environment (M > 0.8). The smaller sizes are treated since these

particles have a higher probability of being consumed efficiently within the allowed

residence time of a supersonic or highly subsonic combustor. Because of the small

particle size, the turbulence effect on dispersion of the particle trajectories is also

included.

In the following formulation, equations governing the gas phase and solid fuel

are given first. Afterwards, the boron particle ignition model is summarized along

with the particle-tracking equations.

4.1. Gas - Phase Analysis

The gas-phase analysis is based on the Favre-averaged conservation equations

of mass, momentum, energy, and species transport for a multicomponent system in

Cartesian coordinates. They can be written conveniently in the vector form

OQ OE OF OE,, OF,,&- + 57X + a-ý-- = -ax--. + g•y + H (3)

where Q- [ Ag•, fu, , Pga, •gf]iT

FH -[ i,ý• pgý2 + p, 0(,, + P), &fT

E, = [0, f.X1 fZ,, iif + Ufy- q,-,•1,•0i] T

H = [0, 0, 0, 0, iJr
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for i = 1,2.. N-1, with N being the total number of species considered. The

diffusion terms in E, and F, are defined as

;r- = 2 i x (Oif T Ty (4)

-Y =Aeff + -M(5)

fy 2 peff~ & _ 2 eff ali + 4i:j (6)

e N

= -ff + j ,g S (7)
i=1

N

qY Aef f T+pgh1 (8)
-S

where &j and "4j stand for the diffusion velocities and are determined by Fick's law.

The effective transport properties IAqff and A.qf contain contributions from both

the laminar and turbulent diffusion processes. Full account is taken of the variation

of specific heat with temperature, giving the static enthalpy of each species as

hi = JTcr. p, dT + h°].i (9)

where hl'i is the enthalpy of formation. Consequently, the specific total internal

energy e of the mixture becomes

N

i1 2
e= Yihi- '- + - (u' +v') (
i=1 A;

Finally, the equation of state determines the pressure from the temperature, density.

and species mass fractions.
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N

P = PgRuT -i
t=1

The binary mass diffusivity is determined using the ChTanan-Enskog theory

along with the Lennard-Jones intermolecular potential-energy functions.2" The ef-

fective diffusivity is then calculated through the following formula.29

Dim = 1X/ for i 3 j, (12)

E~-= Xj/D.;

where Xi is tlhe molar fraction of species i.

Thermodynamic and other transport properties of each constituent species are

evaluated using fourth-order polynomials of temperature30 which are valid for the

range from 300 to 5000 K. For a mixture, specific heat is determined by mass-

concentration weighing of each species; viscosity and thermal conductivity are cal-

culated using Wilke's mixing rule. 31

4.2. Solid - Fuel Analysis

If we ignore the bulk motion, subsurface chemical reaction, and axial thermal

diffvsion, the equation governing the condensed-phase process reduces to a one-

dimensional heat conduction equation for each axial station. Under steady-state

conditions, this equation takes the form

(A, - p(b 7pri t,., (To -- ref ) + hs,] = (13)

sbe\ day o dti

subject to the boundary conditions
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T, =T as y- -oo

T, =T.. at y= 0

where the s-bscnpt "s" denotes the properties of the solid phase. Since the ther-

mophysical properties of most solid fuels are not well characterized with respect

to temperature, these properties are treated as constants. For HTPB-based solid

fuels, the condensed-phase reactions such as thermal decomposition usually occur in

a very thin layer immediately beneath the surface (about several hundred microns).

This effect can be incorporated in the gas-solid interface conditions to simplify the

analysis. Integration of Eq. (13) yields the steady-state temperature distribution

at a given axial ioL,-'tion in the solid phase.

T, = To + (TMU - To) exp (prbcp,s y (14)

Since the ejection of an individual boron particle is addressed in this work, the

effect of a single particle on the global thermophysical properties of the solid fuel

is negligible. In the event that a high loading of particles is treated, then fuel

properties should be modified accordingly.

4.3. Boundary Conditions

The heat and mass transfer processes between the gas and condensed phases must

be matched at the fuel surface to provide the necessary interface conditions for both

phases. This procedure will eventually determine the temperature, regression rate,

and species concentrations at the surface. The analysis is simplified by neglecting (a)
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subsurface sp aies diffusion; (b) kinetic energy of escaping gases; and (c) Dufour

effect. With some straightforward manipulation, the matching conditions are as

follows.

Mass

prb =pgvgI+ (15)

Species Mass Fraction

prbyiI_ =pgvgYi1+ -- pgDiayr (16)

Energy

_A3 _ + p~rb \ J .! ,,,dT + hý"O9T ( f~el ,

8  hT N Dim 8Y) "d
-1\9- T )+I -(V9  (17)

where "+" and "-" represent, respectively, the conditions immediately above and

below the surface. It is worth mentioning that hi contains both the sensible and

chemical enthalpies of the gaseous species. The difference in enthalpy across the

interface accounts for the latent heat of gasification and chemical energy release

associated with the thermal decomposition immediately beneath the solid-fuel sur-

face. The pyrolysis rate of solid fuel is evaluated using a zeroth-order Arrhenius

expression.

r A = -- (18)P, eXP(RT3
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where A, is the pre-exponential factor, p. the fuel density, Ea the activation energy,

and T,. the surface temperature. Radiant heat transfer to the surface due to

emission from the gas phase is calculated using a Stefan-Boltzmann relation in

terms of the averaged gas-phase temperature. The total gas emissivity is estimated

using a method developed by Hottel"2 and is a function of the species mole fractions,

gas-phase temperature, pressure, and mean beam length.. The incorporation of a

boron particle into the gas/solid interface conditions is also neglected, since only an

individual particle is addressed here.

The flow at the upstream boundary is supersonic, with pre-specified tempera-

ture, pressure, Mach number, and species mass fraction. The inlet velocity profile is

assumed to be uniform in the y-direction, and has no vertical velocity component.

Since the flow at the downstream boundary is also supersonic, except in the region

immediately above the fuel surface, all of the exit conditions are extrapolated from

their counterparts within the combustion chamber. However, in the event that the

flow at the exit is subsonic (i.e. due to shock waves), the static pressure may be

specified as an additional boundary condition. The upper boundary is taken to be

a line of symmetry. Therefore, the vertical velocity component and the derivatives

of all the other dependent variables across the boundary are set to zero. The no-slip

condition is employed at the surface of the fuel sample.

4.4. Turbulence Model

The Baldwin-Lomax algebraic model33 along with constant turbulent Prandtl

and Schmidt numbers (Prt= Sct= 0.9) are chosen to achieve the turbulence clo-

sure because of their computational efficiency and simplicity. This algebraic model

calculates the turbulent eddy viscosity, using the Prandtl-Van Driest formulation

and the local vorticity distribut;,;n for the near-wall and outer regions, respectively.
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Namely,

f (it) inner Y • Ycrossover
I( GI)outer Y > Ycrossovei

where y is the normal distance from the fuel surface and Ycrossover is the minimum

value of y at which the turbulent viscosity of the inner and outer regions are equal.

Within the inner region, the Prandtl-Van Driest formulation gives

(lt) inner = Pg 12 I (19)

where P. is the gas density, Iwi is the magnitude of the vorticity, I is the turbulent

length-scale given by

and x equals 0.4. The term y+ is the non-dimensional height

y + =pwu*Y

Psw

and A+ is the damping factor corrected for blowing at the surface:34

A+ 26.0 exp (-5.9,4

The friction velocity u* is calculated from the wall shear stress and gas density:

" -" W

PO'w
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For the outer layer

(1-t) outer = pgKCcpFwake FKLEB (Y) (20)

where K=0.0168, %CIC = 1.6 and

Fwake =M M m azm Cu~k imax! )

"in which Udif = !u2 + v2 and Ck = 0.25.

The quantities Ymaz and Fmar are determined from

"F (y) = y!wI 1 - exp ( -)

where Ymax is the value of y where F is a maximum in the proffle. The Klebanoff

intermittency factor in Eq. (20) is given by:

FKLEB (Y) = + 5.5; YCKL-EB 16]

with CKLEB = ) -30.

4.5. Gas - Phase Combustion Model

For combustion of gaseous hydrocarbon fuels with oxygen, Westbrook and

Dryer3" suggested a simplified two-step reaction mechanism that reasonably pre-

dicts reaction rates for a aiwge number of hydrocarbons over a wide range of ,:quiv-

alence ratios and pressures.
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CnHm + ( + 0. nC0+THO (21)

1
CO + -02• CO2  (22)

This two-step mechanism is adopted without the reverse reaction of Eq.(22) since

its reaction rate is slower than the forward reaction by six orders of magnitude, and

in Ught of the short residence time of the flowfield, it has little effect on the overall

kinetics. Equations (21) and (22) are satisfactory expressions for the gas-phase re-

actions, provided the flame temperature is not high enough to promote dissociation

to free radical species such as H, 0, and OH. For flame temperatures above 3000

K, a multi-step mechanism will be recommended to account for dissociation.

Westbrook and Dryer3 5 consider the reaction rate of a hydrocarbon to be of

the form

kf=Af Up = T ]c= cO2  (23)

where C is the molar concentration and the subscript fu represents the fuel. The

factors a and b are dependent on the type of fuel species considered. The CO

reaction rat,?" is similarly expressed:

kc 4ce~ E , c °Co (24)
kco=Acoexp( R.T CCO, o20 (24)

The production rates of the species a-,

". = - - ezp (RT,) CX C•, (25)

an..
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Wco = nMcoAf, e Rp T 2 Cl c°

-McoAco exp (-E Cco CO O CCOc (26)

Similarly the rate of production *,i for each of the remaining species is written:

-: n (27)
W02 = Mo2 [- (2 + M) ku - 2kco] (27)

WH20 = AMH 2 0 (2 kf.) (28)

-C0 2 = MC02 kco (29)

Nitrogen is also considered since air is the oxidizer; however, it is treated inert with

its production rate being zero. In summary, N-i species conservation equations and

one algebraic expression relating these species to nitrogen are solved:

N-1

YN2 =1- (30)

In this study, milltiplicative effects between chemical kinetics and turbulence

are not included. This is justified due to the lack of experimentl or analytical

information in the area of supersonic reacting flows. A mudc more comprehensive

treatment is required to fully account for these interactions

4.6. Boron Particle Analysis

4.6.1. Particle Ignition Model

The ignitiop of the boron particle is treated according to the model of ing12

with the most recent modifications. 14'3 7 This model assumes a particle radius of
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rp with an initial boron oxide layer thickness X surrounding the particle (see Fig.

16). Convective and radiative heat transfer to the particle begin to liquify and

evaporate the oxide layer, while oxygen and water vapor diffuse through the layer

to react with boron and raise the temperature of the particl,¶ý. These processes

correspond to the first stage of particle ignition mei.tioned previously. Additional

surface reactions of water vapor with the oxide layer further aid in the removal of the

oxide. Provided that the heat transfer to the particle is high enough to promote the

complete removal of oxide zind the melting of the particle, thermal runaway should

occur. If the surrounding temperature is too low, or if the oxygen concentration

is not high enough to allow sufficient exothermic reactions with boron, the particle

will not ignite. The equations for the rate of change of particle radius and oxide

thickness based on the processes discuszed above are as follows.

drp = RBMB (31)

dt PB

where RB is the molar consumption rate of boron per unit area due to the reaction

with 02.

d X ( -RH -RE) M ,9,0(32d.- _ = ( 2-• t s s o (32)

dt PB203

RH is the molar removal rate of B20 3 per unit area due to reaction with H20, and

RE is the molar evaporation rate of B2 03 per unit area. The energy equation for

the particle at the bulk temperature of TP is given as

dH= 47rrr (RBQI - RHQ 2 - REQ3 + h (T0 - Tp) + oeB(Tur-T7p)) (331
dt "
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where Q, is the heat of reaction of the solid or liquid boron with oxygen, and Q2

is the endothermic heat of reaction of water vapor with boron oxide which depends

on the resulting product (either HOBO or H3B3 0 6 ). For gas temperatures below

1400 K, the product is solely H3B30 6 , whereas above 2000 K the result is HOBO;

at intermediate temperatures there is a product mix. In this study, HOBO was

used as the reaction product, since the surrounding temperatures were greater than

2000 K. The term Q3 in Eq. (33) represents the heat of vaporization of B2 0 3(1).

An additional water vapor reaction with B(.) and B2 0 3(1)

4 1 2
20()+ + B 2 0 3(1) -+ 3B303( (34)

may be included in the ignition model; however, this reaction does not affect the

ignition times in mixed 0 2 /H 20 atmospheres14 and is therefore neglected here.

The convective heat transfer coefficient is calculated by the product of the

Nusselt number 38 and th.,raui conductivity of the gas phase divided by the particle

diameter, where

Nu = 2.0 + 0.60Red (35)

and Red = 2rP u1, -- u•I p9 (36)

Equations describing the rate of change of the particle bulk temperature and

the fraction of boron melted are given below.

dH
Sd for T. < Traelt (37)

= 4rPBCB(.) + 47TrrXP0O 3CPBO 3
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dT- 3 dt 2 for Tp > Tmdt (38)

dt Irr pBCpB(L) + 4 7rr•XpB2 oScPB2 OS

df dH

dt = 4 3 dt for Tp = Tmelt (39)"ý7rrPPBQmeli

where Tmeit is the boron melting temperature of 2450 K and Qmt is the heat of

fusion of boron.

The molar rate of conversion of boron to boron oxide incorporates several

series resistances: the diffusion of oxygen through the surrounding gas to the outer

surface of the oxide layer, the dissolving of oxygen within boron oxide, the diffusion

of oxygen across the molten oxide layer to the B/B 20 3 interface, and the resulting

kinetics of the reaction at that interface. Details of the origin of the expression for

RB are given by King14 and the resulting equation is given below.

R_ = P02 (40)T X +

where fi = 3.89 exp (17T0 ) (41)

f2 = 7.0 x 10-8exp ( 9800 (42)

= 4.68 x 13-4TNu (43)
rvp

The following units are used in Eqns. (40-45): RB (kg-mole/m 2 /sec), p (atm), rp

(m), X (m), T (K), f, and f3 (kg-moie/M 2/atm/sec), and f2 (kg-mole/m/atm/sec).

The evaporation rate of B2 03 liquid contains two ?eries resistances: evaporation

kinetics and the diffusion of B2 03 gas away from the particle. Deri,ation of the

expression for RE can be found in King.12

8 X 10' a XP( 44000)S(44)
P - (I + 45 l o7 \
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The rate of reaction of water vapor with boron oxide to produce HOBO was given

by King3"

RH =1.816 x 15 16900) ( ('RH T- exy T. - PH2o (45)

where PH2o is the partial pressure of water vapor.

4.6.2. Particle Tracking

To track the particles through the flowfield, Lagrangian equations of motion

are solved. The calculations assume that the particle is spherical, and the effects

of static pressure gradients, virtual mass, and Basset forces (deviation from steady

flow pattern around the sphere) are negligible. The resulting momentum equations

consider the drag force on the sphere, which contains both the skin friction and

form drag, and the body force in the vertical direction.

dup =3 CDp_ (ug - up) lug - UPI (46)

dt 8rpp,

-vp = 3Cop_ (VI _ vp) Ivg - vpl + g (47)dt 8rvpp

The drag coefficients are approximated as follows.3 9

CD =-24 1 + for Red _< 1000 (48)

CD =0.44 for *Red > 1000 (49)

The position of the particle is determined by integrating the equations below.
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dxd-t= Up (50)

dydt = vP (51)

The effects of diapersion on the particle trajectories should also be considered, since

the particles are small and their paths are influenced by turbulent fluctuations in the

flowfield. To incorporate these effects, the Stochastic Separated Flow (SSF) model

for spray combustion is utilized.4' The SSP model involves finding the trajectories of

a statisticaily significant number of individual particles ejected from the fuel sample

into a flowfield containiag a random distribution of turbulent eddies. For each eddy,

the translational velocity of the bulk motion of the gas phase is considered uniform,

but this property ehanges randomly from one eddy to the next. Changes in particle

trajectories are observed by substituting the instantaneous velocities of the eddies

into Eqs. (46) and (47). Specification of eddy properties and the interaction time

between a particle and eddy are therefore crucial elements in this model, and they

are summarized below.

The velocities of each eddy are determined at the start of the particle-eddy

interaction by random sampling from the probability density function (PDF) of ve-

locity. The velocities in the axial, vertical, and transverse directions are assumed to

have normal distributions, with menun values of E4, U, and 0, respectively. Velocity

fiuctuations in the axial direction have a nagnitude of u', but because of anisotropic

behavior near the wall, the magnitudes of fluctuations in the vertical and transverse

directions are only fractions of ut.4 For simplicity, they are approximated through-

out the boundary layer region as

v' u1 (52)
2
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w' 3 1 (53)
4

The instantaneous velocities of the eddies in the x and y directions are Ui + au' and

Vi + av, respectively, where a, the standard deviation, is randomly sampled from a

standard normal distribution.

The values for u' and v' cannot be obtained from the algebraic turbulence

model. To solve for these turbulent fluctuations, the turbulent kinetic energy and

eddy dissipation rate must first be found using the following equations.

3k+ Vk= 8 +LtW (54)

oe + + =oA +a, a
TX TY TYLP\ 7/~

IIt aU) 2 2e 2pyt a'2UT 2
+ kp O2f2 k (55)

where cl and C2 are constants and f2 is a function to modify c2 . The details of

the formulation and solution to these equations are given in the thesis by Tseng.42

Under isotropic conditions, turbulent fluctuations are equal in magnitude in all

three dimensions. However, the conditions imposed here by Eqs. (52-53) result in

u' = (1.10 k) ½. Equation (52) is then employed to obtain v'.

The k-e equations described above are utilized expressly for determining k,

which then yields u' and v'. The values of at obtained from Eqs. (54) and (55) are

checked with the algebraic solution, but are not substituted back into the gas-phase

analysis since the algebraic approach is acceptable for these purposes.

A particle interacts with an eddy for a duration which is either the time required

for the particle to traverse the eddy or the eddy lifetime. The eddy lifetime can be

estimated from Shuen4" using
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t (56)

(Z k)21

in wb',2.i Le, the characteristic size of an eddy, is assumed to be the dissipation

length scale.

Le (57)

where C., = 0.09. The time required for the particle 0 traverse the eddy is not

directly calculated; however, the distance the particle travels within the eddy is

continuously monitored such that it remains less than the eddy size. The parti-

cle/eddy interaction is terminated if (1) the distance the particle travels within the

eddy JAxI is greater than the length scale of the eddy, or (2) the time of interaction

(At) is greater than the eddy lifetime. These criteria are represented as follows.

IAxI > L , At > t (58)

Upon completion of the interaction, the particle then enters a new eddy with prop-

erties determined from another random sampling of the PDF. Mean dispersion rates

of the particles are obtained by averaging over a statistically significant number of

particle trajectories.
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Chapter 5

NUMERICAL METHOD

The theoretical formulation is solved using a numerical scheme based on the

lower-upper symmetric successive overrelaxation (LU-SSOR) technique. 4 3'" This

scheme solves the two- or three-dimensional Navier-Stokes equations and species

transport equations by means of the finite volume approach. It has proven tc be

very robust and efficient for highly reactive systems such as the combustion of

hydrogen and oxygen.45 The algorithm was validated previously for mixing and

reacting supersonic flows by comparing predicted results vith both experimental

results and other numerical calculations.

The advantage of the LU-SSOR technique lies in the manner of solving the

chemical source terms implicitly with the inviscid fluxes. Most other implicit

schemes require the inversion of block banded matrices for the entire set of equa-

tions, but the LU-SSOR method requires only a scalar diagonal inversion of the flow

equations aad a diagonal block inversion for 1he species equations. Consequently, it

has an operational count comparable to explicit schemes in addition to a fast con-

vergence rate, thereby saving a considerable amount of CPU time. Furthermore,

the scheme can also be fully vectorized.

To improve numerical efficiency and accuracy, the governing equations in Carte-

sian coordinates are transformed to the generalized coordinates

S= (zy) and q=rl=I(x,y). (59)

The transformation is chosen so that the grid spacing in the computational domain
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is uniform and of unit length, i.e., Aý and Atl=l. The governing equation then

takes the following form,

a• a #a # (60)aý + aET + N :^ + -E,-+ OF.-T0

where the new dependent variables Q, E, F, etc. are the transformed vectors in

general coordinates, defined as

S= E + CyF
J

77 •,E + n.yF

H

ý.E, + CyF,
J

and J is the Jacobian of the coordinate transformation

T = G1r•Y - 417Z

The inviscid flux and source vectors are treated implicitly, giving

8 a PE,+1 ah , a,,+, _E#'.:(
-+F+ + H '--+ - (61)

where n+1 is the new time level, and n is the present time level. The diffusion

vectors EI and FP are not solved implicitly because their effect on the convergence
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rate would be much smaller than that of the source and convective terms, and

solving them implicitly is considerably more difficult and cumbersome.

The governing equation is expressed in strongly conservative form with the

primary dependent variable Q. Vectors E, F, and H can be expressed as functions

of Q using a truncated Taylor Series expansion:

kn~ = n +aE,9QAt +.

n~r OF oQ A• +.

= Fnn l

ftn+1 = ftn + a a At+.
a ot

where At is the time increment. The terms are known as the Jacobian

matrices and are represented by A, B, and D, respectively. Eliminating terms of

the second and higher orders gives:

.,+1 = n" + A6S (62)

-n+1 = P" + B6Q (63)

' 1/"+ =/Hl" + D So (C4)

Substituting the Eqs. (62) - (64) into Eq. (61) yields

a a 13. ] + (ak Op~ 8E, OF, n

= -AtR (65)

where R is the residual and I is the identity matrix. The Jacobians A, B, and D are

given on the following pages with the term j being the ratio of specific heats given

by
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Yl f.. cp,idT

Y ce,,,idT

The parameter 4P in A and B is

S= ( • I) [ • (fi 2 + 6 2 ) ~ l N

and U and (" are the contravariant velocities where

and

In Eq. (68), the derivatives of the source terms with respect to the independent

variables are determined in the following manner:

Ow_. O'... = a MpuAfu exp ( [ ]a [PL fu YO2

Tq1  apg ap9  - RT Mf- M02 J

which equals zero, since pgYf, and pgYo, are treated as separate independent

variables. Similarly, no other source terns contain p9 as an individual independent

variable, and all other L:'SL are set to zero. Terms in the second and third columnsOq1
S.and o'i) are takcen as zero because they are usually small, although they can

19q2 aq3 '

be evaluated by the chain rule:

ac•-'j _o (6Uj ( ,,OT , 8 ,a•,,,•
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where e is the specific internal energy. The terms of 2 are also determined using

a chain rule formula:

- ( (,,-T, ,, ,

Finally, the most dominant terms of D are calculated in the following manner:

, Oaf = _MfuAfe (-Ef u ) a(pYfu) a-l pgYo2']&
cOq-" = Mfugfl,,) \ RuT M a= J

Nq5 - i(PgYf u)\~/ Mf U M0 2 J

The source term Jacobians 9!_L to E._...=1 are solved in a similar fashion using Eqs.
89s aqN+3

(25) - (29).

At this point, Eq. (65) can be solved by directly inverting the large block-

banded matrix on the left-hand side; however, this would be inefficient and require

a great computational effort. Instead, many researchers have opted to solve this

gove:ning equation using the popular alternating-direction implicit (ADI) scheme,

which is less costly but still requires block-tridiagonal or pentadiagonal matrix in-

versions. A third alternative is the lower-upper (LU) factored implicit scheme de-

veloped by Yoon and Jameson, 43 which is described here.

In this method, the Jacobian matrices A and B are split such that their eigen-

values are positive for the A+ and B+ matrices and negative for the A- and B-

matrices. There are many ways in which this splitting can be accomplished. One

possibility which increases the diagonal dominance of Eq. (65) is

A4= (A+VAI) , A-=-(A-vAlI)

B+ = (B+u.BI) , B- 2=(B-vB1) (69)
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where VA is greater than or equal to the rr-aximum eigenvalue of the A Jacobian

matrix (AA), VAý!max (IAA1). Similarly., v' is chosen such that vB>_mra (JAB1).

Equation (70) is then obtained with D•- and D- as backward difference opera-

tors for matrices with positive eigenvnalues and D+ an% D+ as forward difference

operat,_%rs for matrices with non-positive eigenvalues:

[I + At(4-A + DTA- + D-B+ -' D+B- -- D)]6 -AtR (70)

Adding and subtracting like terms to the diagonal orn the LHS gives

[I+ At [A+ _A- _)1
[ A- +

+ At [D-A+ + D4+A- + Dr-B+ + D,,'B-]

-~ [ ~i A-) + (B _ -~)D ] =- R-At M + L+;F D I = -At R (71)

This equation may be factorized using the relations

A+ A-= vAI, B+ - B-= BI, C I At "AJ

to give

[C+t ( Dý-A+ + D-B+ A+ B+ D) C-1.

C + At -D,+A- + D7+)B- + A + B

Taking the limit in which At-+co, we obtain

(D-A+ + D1 -B+ _- A- B- D +

+ (73)
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which, widlh the use of Ej. (69), may be written in two steps as the final version of

the gcrterning equation:

r ~At. Bt'.. 1 IB
[L)IAGi 12 -- A A 17 6 Q = - + R(7 )

Aqt 1

where

DI,4Gi) + D)

Equa~tion (74a) is solved by forward marcbhing since the left-hand side is lower

bidiagonal, then Eq. (74b) is solved by hzackwardi marching to complete one itera-

tion. it is intIeresting to notCe that for non-re:o:ing systems the source Jacobian D

.s zero which reduces DIAG to a scalar. and ý.ýe solution procedure for Eq. (74&)

requires only a scalar diagonal inversioni. For reacting cases such as this, however,

DIAG is a non-zero matrix, and a block diagonal matrix inversion is necessary.

The inversion method Ior Eq. (74a) cani be simplified to some ext'nt tfor reactinr

ca~ses, becwase only the lower right corner of D is non-zero. Equ-,,iori. 1,58) sihowvs

that the first, four flow equattions do not contain a source term Jacobian (i.e. D is

zero for these e:ases), and a scalar diagonel inversion s applied. The remainder of

the equations contain finite values in D, therefoie no simplifications are made in

their solution and a block diagonal matrix inversion is performed.

After the solution to the gas phasse is attained, an individual boron particle

is ejected from the solid fuel into the high tenfiperature flowfleld. Local values of

pressure, temperature, and species mass fractions are used for the conditions suir-

rounding the particle. The eqp.ations governing the boron particle history are solved



by a fourth-order Ruuge-Kutt-a scheme.46 The time step for stable convergence of

the continuity and energy equations foc this application is found to be approximately

0.01 milliseconds: however, the time scales for the turbulent eddies are much smaller.

For this reason, the eddy lifetimes are first determined, then one-fifth of t, is uti-

lized as the time step for the calculation. The particle trajectory is traced to the

exit of the chamber, after which another particle is ejected from the same location

as the first. The new particle is also traced to the exit of the combustion chamber,

but due to the randomness of the turbulent fluctuations, the trajectory is different.

The procedure is repeated 2000 times to achieve a statistically significant, number

of trajectories. The properties of the particles are recordea at three e.ia stations,

at x = 1L, ZL,, and L,, where L, is the length of the combustion chamber.
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Chapteer 6

DISCUSSION OF NUMERIC AL RESULTS

Calculations were performed with HTB-based solid fuel samples located along

the bottom surface of a 2-D chamber with an inlet height of 3.175 cm and a length of

1 5.24 cm, as shown in Fig. 15. The sample spans 7.62 cm along the lower boundary

of the chamber, thus allowing space for chemical reactions downstream of the fue'.

HTPB was chosen for this study because it has been characterized for its wide use

in composite propellants, 47 and it is an energetic binder cc.=monly found in solid

fuels.4-
7

The inlet conditions to the combustion chamber were obtained from the high-

speed end of the flight envelope for a solid-fueled scramjet, by assuming an adiabatic

deceleration from the flight Mach number to the combustor Mach number. With

real-gas effects taken into account, a flight Mach number of 7.3 in the tropopause

(T=216.7 K) is required to attain a combustor inlet static temperature of 1400 K

with a Mach number of 2. Since this inlet temperature is high enough to promote

ignition, and flame stability above the fuel sample, it was chosen as a baseline con-

dition. A static pressure of i atmosphere was also utilized at the inlet since some

experimental facilities operated at this condition;' however, the appropriate, inlet

pressure based --i pressure recovery is much higher. For this reason, additional

cases were calculated with higher pressures and compared with the baseline.

To facilitate the gas-phase analysis, it is assurmed that butadiene (C 4H.6 ) is the

only product released from the fuel surface. This simplification is justified for the fol-

lowing reasons. First, butadiere and vinylcyclohexene are respectively the first- and
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second-most abundant pyrolysis products of HTPB.48 '4 9 Since the monomer and

dimer have similar molecular structures and kinetic parameters, vinylcyclohexene

can be adequately represented by butadiene. Second, the majority of hydrocarbons

tabulated in Ref. 35 have equal activation energies and only a slight variation in

preexponential factor. Thus the consideration of additional fuel species would not

alter the kinetic behavior of the gas phase. Fir-aily, in the iimit of fast kinetics with

respect to the diffusion process, one hydrocarbon may be sufficient to represent

the fuel species, and additional hydrocarbons would not change the fundamental

characteristics of the sample. With the t-,wo-step reaction mechainism of Eqs. (21)

and (22), the gas phase contains six species: C 4H 6 , 02, CO, H20, C0 2 , and N-,.

The kinetic parameters for both the gas and solid phases are summarized in Table

2, where the values for ethylene are adopted for Eq. (' 3) since the parameters for

butadiene wvere not available and ethylene and butadiene have similar molecular

structures. The exponents for Eq. (23) are 0.1 ard 1.65 for a and b, respectively.

Each calculation employed a 120x80 grid. The numerical grid was uniform in

the horizontal direction, with a spacing of 0.129 cm. Since many important physical

processes occur in the region immediately above the sample surface, the numerical

grid was clustered vertically near the surface, with the smallest grid measuring 45

microns in height. For each computation, the total mass flowrate of the ram air

and pyrolyzed fuel was conserv¢ed to within 0.1% at the exit. The scheme required

approximately 40 pisec of CPU time per iteration per grid point on a Cray Y-MP

machine.

To determine the influence of the inlet flow distributions on the burning charac-

teristics of the solid fuel, calculations were performed with two different sets of inlet

conditions. Flow properties were assumed to be uniformly distributed at the inlet

for one case, and an inlet velocity profile based on the one-seventh law was assumed
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Table 2. Kinetic Parameters for Gas-Phase Combustion Model

Activation Pre-exponential

Energy, E Factor, A

Gas-phase

Eq. (23) 30 kca2

Gas-phase .'7

Eq. (24) 40 ca 1.Oxl' mo
mnole 3ec

Burning rate

Eq. (28) 16.9 k 2990. k

for the other. 'Variation in the solutions were found to be minimal in the resulting

flow structures and fuel regression rates. Thus, for convenience of discussion, only

results with uniform conditions are presented herein.

6.1. Gas - Phase Solution

Figure 17 shows the contour plots for Mach number, stagnation temperature,

and static pressure for the baseline case, with an inlet Mach number of 2, an inlet

static temperature of 1400 K, and an inlet static pressure of 1 atmosphere. The

stagnation temperature contours are plotted instead of the static temperatures so

that heat release is distinguishable from temperature recovery near the surfaco.

Mach-number contours are incremented by 0.1, temperature contours by 100 K,

and pressure contours by 0.02 atm. These figures show only the bottom sixth of the
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combustion chamber and have been magnified in the y-direction by a factor of ten

to resolve the flow structures nearest the surface. In Fig. 17a, a weak inlet shock

occurs at the entrance due to the abrupt deceleration of the flow at the surface

to satisfy the no-slip condition. This deceleration enhances temperature recovery

and heat transfer at the surface. Immediately downstream of the entrance, the

temperatuie plot shows a series of closely spaced contours, indicating the leading

edge of the flame with a maximum stagnation temperature of 2800 K. The heat

released by chemical reactions causes another oblique shock wave originating from

the flame zone, which is evidenced in Fig. 17c. This wave travels upward to the

line of symmetry and meets a similar wave coming down from the Lpper half of the

chamber. The right-running wave then re flects off the bottom surface, moves upward

again, and finally exits the chamber. These reflected waves cause the fluctuating

Mach-number contours shown in Fig. 17a. As the flow crosses this shock structure,

it first decelerates by passing through a reflected compression wave, then accelerates

through an expansion caused by the distributed reaction zone near the surface.

The mass fractions of butadiene and oxygen are presented in Fig. !8. The fuel

species are generated from the sample surface, then diffuse toward the freestreani

to mix and burn with oxygen. At the inlet to the chamber, the oxygen is uniformly

distributed with a mass fraction of 0.23. it is then consumed by the chemical re-

action which generates a maximum stagnation temperature of 2800 K. The flame

temperature diminishes downstream because of heat transfer back to the fuel sam-

plc and a reduction in chemical reactions caused by an oxygen deficiency at the fuel

surface. The maximum temperature at each axial station occurs in a region where

mass fractions of oxygen and butadiene are near stoichiometric. The temperature

then drops off from this region due to fuel-rich conditions toward the surf:,ce and

oxygen-iich conditions toward the freestream. The vertical locaition of maximum
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temperature is determined by the rate of diffusion and blowing of pyrolyzed fuel-

rich gases into the crossflow. Finally, the species distributions show incomplete

consumption of butadiene at the exit along with the comp!ete consumption of oxy-

gen near the surface, which suggests that further entrainment of oxygen or pethaps

better mixing between the fuel and oxidizer will improve combustion efficiency.

Figure 19 shows the burning rate of HTPB for the baseline case. At the inlet,

the Ieading edge of the fuel sample experiences temperature recovery and enhanced

heat transfer due to the abrupt deceleration of the flow; the result is a burning

rate slightly higher than succeeding locations along the sample. Immediately down-

stream of the inlet is a large peak with a burnlrxg rate of 1.13 mm/sec and surface

temperature of 1060 K. This is caused by the iitense convective and radiative heat

feedback from the flame to the fuel surface. As the flame temperature decreases

downstream, the heat transfer to the solid boundary is reduced, resulting in a de-

caying profile of the burning rate.

A plot of surface pressure is shown in Fig. 20. The first two peaks in this curve

are due to the inlet shock and burning phenomenon mentioned previously. After

passing the second peak, the pressure abruptly decreases, then increases slowly aloag

the length of the fuel sample from x = .020 to x = .075 m. The slight pressure rise

can be explained qualitatively by comparing this situation to a constant-area tube

with supersonic flow and heat addition (by external means or chemical reaction), in

which a similar piessure increase occurs -along the length of the tube. Finally, the

third peak in the curve results from the reflected oblique shock wave and subseque'nt

expansion evident in Fig, 17c.

In order to study the effect of freestream conditions on the burning charac-

teristics of the sample, calculations were also carried out with different pressures

and temperatures. Figures 21a and 21b show the results for an inlet pressure of
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five atmospheres, with other conditions remaining the saine as those of the baseline

case. Compared to the baseline case, the flame front is shifted slightly upstream

with a shorter stand-off distance from the fuel surface. Furthermore, the maximum

flame temperature is increased by 350 K, with the corresponding increase in the

stagnation temperature being 500 K. The shift in the flame-front location and the

decrease in stand-off distance are due to the increasing gas-phase reaction rates with

pressure, whereas the rise in flame temperature can be attributed to the fivefold

increase in oxidizer molar concentration. Becaase more oxygen was supplied to the

combustion chamber for reaction, the exit temperature near the surface has a"qo

increased by approximately 100 K. In addition to the faster kinetics, the burning

rate of the solid fuel has increased considerably since the flame is at a higher tem-

perature and is closer to the boundary, causing the radiative and convective heat

feedback to increase significantly. The curve shown in Fig. 22 has a peak burning

rate of 1.55 mm/sec, nearly 40% higher than that :An the baseline case.

A calculation with an increased inlet static temperature of 1800 K was a!so

performed. Results for this case were similar to the previous calculation with a

higher pressure, in which the flame-front was shifted upstream due to enhanced

chemical reaction rates at elevated pressure. Compared to the baseline case, the

maximum flame temperature increased by nearly 400 K, corresponding to the 400

K rise in the inlet temperature. On the average, the burning rate of the solid

fuel increased by 15% along the length of the sample because of the higher flame

temperature and intensified heat transfer from the flame to the surface.

Increased inlet temperature and pressure have been shown to enhance the re-

gression rate of the fuel sample. To further assess the effects of these freestream

variables on the combustion behavior of the solid fuel, a burning rate parameter

r; was established for comparison of cases. This parameter is formulated so that
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its value remains constana , the length of the sample, starting from the axial

position of the leaZiug e..ge -' the flame to the downstream end of the fuel. It is

evaiated .y rnultipiyin•, the btuning rate oi the sanple by a local dimensionless

parameter, namely

3

= rb (75)

where x is the axial distance from the inlet, Lf nie total length of the fuel sample,

and rb,, the local solid-fuel burning rate. The z-xponent of ." was chosen to minimize
3

the variation in r; aiong the length of the sample as show, in Fig. 23. The burning

rate parameier versus pressure was also plotted for two dffe ;ret -.le; terrperatures,

giving the result in Fig. 24. The burning rate increases ith presslre for several.

reasons. First, the molar concentration of oxygen in the freestreas.x increases with

inlet pressure, so more oxidizer is available for reaction with the fnueY-rich region

near the surface. A subsequent rise in flame temperature intensifies heat transfer

to the surface and increases the burning rate. Second, the gas-phase reaction rates

are proportional to the 1.75 power of pressure and have a profound effect on flame

thickness. At low pressures, kinetic rates are relatively slow with regard to the

diffusion and mixing processes of the fuel and oxidizer, so the two species may

overlap to form a widely distributed reaction zone. However, at higher pressures

the kinetic rates are fast enough for the fuel and oxidizer to react upon contact,

thereby collapsing the reaction zone to a thin sheet and increasing local heat of

reaction, flame tlemperature, and subsequent convective heat transfer rates to the

fuel surface. Finally, the molecular diffusion rate of fuel species decreases with an

increase in pressure, thus bringing the flame closer to the surface and increazing

the burning rate of the solid fuel. This effect may only be secondary, since other

processes such as turbulence and blowing also govern the flame stand-off heig
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For the operating range of 1-4 atmospheres, the dependence of the regression

rate on ambient pressure and temperature can be expressed by an empirical power

lW,7

r po. O-19 T.57 (76)

The ambient temperature appears to have a stronger influence on the burning rate

than does pressure; this corresponds closely to results obtained under subsonic

crossflow conditions with polyethylene fuels.4 The pressure and temperature expo-

nents were 0.28 and 0.50, respectively, for subsonic :rossflow conditions. Results

under supersonic conditions show similar freestream effects; however, caution must

be exercised in extrapolating Eq. (76) to other cases because of differences in oper-

ating range and fuel composition.

The burning rate decreases at an inlet pressure of five atmospheres as shown

in Fig. 24. This reversal in the burning rate moy be explained as follows. As the

pressure increases from four to iive atmospheres, the mass flow of air also increases,

necessitating an increase in the heat vleased by combustion to raise the total en-

thalpy of the product gases. Although the reaction rate is enhanced with pressure,

the overall heat release may not inczease accordingly due to the lack of additional

fuel in the reactions. The mixture may reach a considerably fuel-lean condition,

and cannot supply the energy necessary to raise the enthalpy of the flow. Conse-

quently, a decrease in heat feedback to the solid fuel occurs, causing a reversal of

the burning rate trend with pressure. The burning rate will achieve a maximum

value at some threshold pressure, then diminish due to the finite energy released by

combustion. It is interesting to note that the combustion of solid propellants does

not encounter this type of pressure threshold in the burning rate. The burning rates
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are proportional to certain powers of pressure throughout a wide range of chamber

pressures because the oxidizer-to-fuel ratio is fixed within the propellant.

6.2. Boron Particle Ignition Results

Calculations were first performed with boron particles in stagnant surround-

ings in order to verify the operation of the numerical scheme, and to determine the

approximate particle size which would most likely result in ignition within the con-

fines of the combustion chamber. Typical results of such a calculation are shown

in Fig. 25, where the particle temperature and oxide-layer thickness are plotted

versus time. The initial particle radius is 2.5 microns with an oxide thickness of

0.03 microns, and initial temperature of 900 K. The ambient temperature, pressure,

oxygen mole fraction and water vapor mole fraction are 2200 K, 2.5 atm, 0.21, and

0.0, respectively. Figure 25 shows an abrupt increaze in particle temperature within

the first 0.2 ms due to conductive heat transfer from the surroundings, then a grad-

ual increase when the particle reaches the ambient temperature. While the particle

temperature rises, the oxide layer thickens due to the diffusion of oxygen across

the oxide layer to react with boron at the B/B 20 3 interface. At a sufficiently high

particle temperature (at t=0.18 ms), the evaporation rate of boron oxide begins to

dominate over other modes of B2 0 3 generation, and the oxide layer becomes thin-

ner. The particle temperature continues to slowly rise due to the self-heating from

the interfacial reactions between B and 02. Eventually, the particle temperature

reaches 2450 K at t=0.45 ms and the boron particle begins to melt. After melting,

the remaining oxide is quickly removed and thermal runaway occurs, resulting in

full-fledged ignition of the particle at t= 0.66 ms. The change in the particle ra-

dius throughout the ignition event is almost negligible, with the radius at thermal

runaway equal to 2.45 microns.
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Choices in the initial conditions of the particle may have some bearing on

the ignition time of the particle. The initial temperature of 900 K was based on

the anticipated temperature of the particle when it is ejected from the solid fuel.

A slight variation in this initial condition should have negligible effects, because

the increase in particle temperature at the onset is very steep. The initial oxide

thickness, on the other hand, may have some consequence on the final ignition time

of the particle. According to previous studies12 a fivefold increase in oxide thickness

from 0.02 - 0.10 microns with a particle radius of 2.5 microns results in a 50 percent

increase in ignition time. The value of 0.03 microns was chosen to keep the mass

fraction of oxide below 5 percent of the total weight of the particle. This value was

not varied in the remainder of the numerical cases studied, since the effect of the

initial oxide thickness is already known.

Several key points should be addressed concerning the results from the previ-

ous example, keeping in mind that the following comments refer to dry oxidizing

environments. First, the rise in particle temperature from the initial to the ambient

temperature is predominantly due to conductive heat transfer from the surround-

ings. The presence of oxygen during this short time has some adverse effect on the

ignition process, since the oxygen mostly serves to thicken the oxide layer, thereby

requiring additional time to eventually evaporate the thickened layer. Second, when

the particle is heated to the ambient temperature in the neighborhood of 2200 K,

the exothermic reactions between boron and oxygen are responsible for generating

heat to evaporate the oxide layer, melt the particle, and subsequently cause ther-

mal runaway. These processes account for a large portion of the ignition time, as

evidenced in Fig. 25, because increases in particle temperature are slowed by heat

losses through evaporation and conduction to the surroundings (for T,>Tc,). Fi-

nally, the criterion for ignition is therinal runaway. Thermal runaway cannot occur
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before the oxide layer is removed, nor can it occur before the particle is completely

melted. The choice of a high temperature (2600-3000 K) to terminate the calcu-

lation is not crucial, since the temperature increases rapidly during this stage. In

this work, the particle temperature chosen to stop the ignition calculations after

thermal runaway is 2600 K. When water vapor is present in the surrounding gases,

thermal runaway will occur sooner due to the increase in the consumption rate of

B 20 3.

In order to achieve ignition of boron particles in the flowfields discussed above,

the residence times of the particles in the combustion chamber and heat transfer to

the particles must be sufficient. Preliminary calculations with the inlet conditions

of T= 1400 K, p=l atm, and M= 2.0 did not result in particle ignition; therefore,

these conditions were adjusted such that they would ignite the particles.

Figure 26 shows the contour plots for Mach number and static temperature

with an inlet Mach number of 1.2, a static temperature of 2000 K, and static

pressure of 2.5 atniosDheres. Static temperatures are plotted in this figure since

these values give a better indication of the direction of heat-transfer to or from the

particle. Mach-number contours are incremented by 0.1 and temperature contours

by 100 K. These figures show only the bottom 3 mm of the combustion chamber

and bave been magnified in the y-direction by a factor of twenty to resolve the flow

structures nearest the surface. Results from this calculation are similar to those

in Fig. 17, with the exception of the inlet shock, which reduces the freestream

Mach number to 0.89 and increases the static temperature and pressure to 2100 K

and 3.4 atm, respectively. The flame region has a maximum temperature of 3300

K. Although this temperature is high enough to promote dissociation, the high-

temperature region is very small and it is unlikely that neglecting dissociation in

this region would significantly affect the results from the particle-phase solution.
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Further downstream of the fuel sample, the temperatures are in the neighborhood

of 2300 K.

The mass fractions of butadiene, oxygen, and water vapor are presented in

Fig. 27. This figire is qualitatively similar to Fig. 18, and is provided for later

discussions concerning the particle ignition mechanism.

The conditions for the baseline case of a boron particle ejected from the fuel

sample are as follows. The initial particle radius is 2.5 microns with an oxide-layer

thickness of 0.03 microns and temperature of 900 K. The particle is ejected verti-

cally from the front of the fuel sample with a velocity of 0.3 m/s. This velocity is

approximately one half of the velocity of the pyroiyzing gases. Depending on the

entrainment and the size of the particle in the pyrolyzing gas, this initial velocity

may vary. Typically, smaller particles will have higher ejection velocities. Further-

more, the ejection angle of the particle may vary, such as shown by Natan and

Gany.2" In order to minimize the number of input variables, the velocity and angle

of ejection of the particles are not varied. The particle is ejected into the reacting

flowfield for which the Mach number contours, temperature contours, and species

mass fractions have been given (Figs. 26 and 27). The ejection process is repeated

two thousand times to achieve a statistically significant number of trajectories.

For each particle, the equations for the rate of change of radius, oxide-layer

thickness, and temperature are solved at each time step. The particle location and

velocity at each time step are also determined. In some cases, the particles may

hit the lower wall boundary somewhere downstream of the ejection station. In this

instance, the particle is assumed to adhere to the surface and the calculation is ter-

minated. Particles which satisfy the ignition criterion of thermal runaway continue

to be traced through the combustion chamber at a constant particle temperature of

2600 K. This assumes that the particle has ignited and does not extinguish during



119

Y=0.3cm . C4 H6 MASS FRACTION

yl =1.0

I _

Y=O _ . . .

Y=0.3cm -- - - - b. OXYGEN MASS FRACTION _

Y=0.3cm c. WATER VAPOR MASS FRACTION

Y=O...........
"SOLID FUEL

X=O X=7.6cm X= 15.2cm

Figure 27. Species Mass Fractions; M,,=1.2, Too=2000 K, poo= 2.5 atm



120

its remaining time within the combustion chamber.

The distributions of the particle height above the lower wall are plotted accord-

ing to temperature in Fig. 28, at an axial location of x= 5 cm (ILc). Of the 2000

ejected particles, 1512 remain in the flowfield while the rest have hit the surface

due to the influence of random turbulent fluctuations in the downward direction.

The majority of the remaining particles are either melting or have already ignited,

as shown in Fig. 28, with few particles at temperatures below 2450 K. The trajec-

tories associated with the melting and ignition of the particle are such that most

trajectories pass through the high-temperature region at the front of the sample

shown in Fig. 26; therefore, these particles are subject to a very high convective

heating immediately after ejection. Particles whose trajectories are closer to the

surface do not experience such a high temperature increase from convection. These

lower trajectories are within 0.6 mm from the surface, which is within the fuel-rich

region of the boundary layer (shown in Fig. 27). Along these paths, the particles

are not exposed to oxygen; therefore, the possibility of their ignition is slim. Further

downstream at x=ZLc, the number distributions are more broadly spread as shown

in Fig. 29, with 65% of the particles ignited. All particles above the 1.4 mm loca-

tion have ignited. This indicates that particles ignite if they are able to penetrate

the gas-phase flame region, since their temperatures are high and the surroundings

provide sufficient oxygen for ignition. Results also show that at the exit, 77% of the

particles remaining in the flowfield have ;gnited. The average horizontal velocity of

these particles leaving the chamber is 582 m/s, indicating that these particles are

almost fully entrained into the flow which has an average gas-phase velocity of 650

m/s.

In order to determine the most probable location for ignition of the particles,

the number of occurrences of ignition were recorded according to the spatial location
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within the flowfield. Contours of the number of occurrences for the baseline case

are plotted in Fig. 30a, with the outermost contour line representing the ignition

of at least one particle, and each succeeding line representing an additional three

occurrences of ignition. The lines are closely spaced within the region between

3.0 and 4.5 cm from the inlet and 0.7 to 0.9 mm from the fuel surface, where 37

percent of the particles ignited. The average time Zor ignition at this location is 0.13

ms. When compared with oxygen mass fractions in Fig. 27, the ignition locations

indicate the importance of 02, since the particles ignite when they come in contact

with oxygen after passing through the high-temperature zone. The effect of water

vapor on the ignition time is insignificant in this case, because the mass fractions

shown in Fig. 27 are quite small.

The effect of particle size on the ignition time and location was investigated.

Additional cases were studied with smaller particle radii of 1.5 and 1.0 microns,

and larger radii of 4.0 microns, with all other initial conditions remaining the same.

For both of the smaller particle sizes, the ignition locations moved upstream v.-

1.75 cm, as shown in Fig. 30b and 30c. For the 1.5 micron particles, 56 % of

the particles ignited by the time they reached x=½L, and 78 % by the time they

reached the exit. The likelihood of ignition for this size is greater in comparison to

the 2.5 micron particles because the smaller size requic'es less energy to be heated

to the ignition temperature. The approximate ignition time for these particles -is

0.06 ms. For even smaller particles with a 1.0 micron radius, the ignition time is

nearly the same. This occurs since the particles cannot ignite any sooner due to the

lack of oxygen near the surface. Both the 1.5 and 1.0 micron particles heat up and

completely remove their oxide layers within the fuel-rich region near the surface,

then ignite when they come in contact with 02. Although the ignition times and

locations are the same, a tremendous decrease in the number of ignited particles is
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noticed for the particles with 1.0 pm radius. At x=!Lc, only 9% have ignited, and

at the exit only 15% have experienced thermal runaway. These results are partly

due to the lower inertia of the smaller particles, which allows the majority of them

to be swept downstream before reaching the high temperature region above the

fuel sample. Another cause for the smaller number of ignited particles is convective

heat loss of the unignited particles after they pass into the oxidizing region. The

surrounding gas temperature is in the neighborhood of 2300 K, which should be

sufficient to ignite the particles; however, for smaller particles, both the specific

surface area and the convective heat-transfer coefficient become greater, resulting

in a more dominating effect of heat loss from the particle. The energy supplied by

the exothermic reactions may not be sufficient to compensate for the heat-loss effect.

Therefore, in some instances a smaller particle size would not benefit the ignition

process. If the surrounding temperature was greater than the ignition temperature

of the boron particles, then the convective heat losses could be avoided and the

ignition times would be shortened for the smaller particles.

Larger particles with radii of 4.0 microns ignited much further downstream

at x= 8.75 cm and y=1.3 mm as shown in Fig. 30d. The ignition time at this

location is 0.32 ms. At x=½L, no particles were ignited, and at the exit only 44 %

were ignited. In comparison with small particles (rp= 2.5 pm), less dispersion in

the trajectories was noticed at the x=!L, and x=2L, stations, as shown in Figs.

31 and 32, since the particles were heavier and not able to follow the turbulent

fluctuations as well as the smaller particles.

Figure 33 summarizes the effect of particle size and axial location on the ignition

probability. The percent. of ignited particles is plotted at three axial stations for

the four different particle sizes. For particles with radii equal to 1.0 micron, 9

percent ignited by passing through the flame region, and only 6 percent more ignited
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afterwards. For larger particles of 1.5 and 2.5 microns in radius, dramatic iDcreases

were noticed in the ig1 ±t'_n percentages. The particles with 1.5 micron radius

ignited in the upstream regions of the combustion chamber, whereas the slightly

larger particles of 2.5 microns required more time to ignite. Nevertheless, the results

at the exit of the chamber are comparable. A total of 78 percent of these particles

ignited. For even larger particles of 4 micron radius, the percentages decreased

because of the increased energy anid time required co ignite the particles.

The effect of ambient conditions on the ignition of the boron particles was also

studied and compared to the baseline case. The gas-phase equations were solved

again based on a lower inlet temperature of 1900 K, with the Mach number and

pressure remaining at 1.2 and 2.5 atm, respectively. Boron particles were ejected

in the same manner as discussed above, with 2.5 micron radius, 0.03 initial oxide

thickness, and 900 K initial temperature. The new freestream conditions resulted

in a decrease to 69% in the number of ignited particles, with a slight increase of

0.04 ms in the ignition time. The particles most frequently ignited at the station

5.25 cm from the front edge of the sample. This location is 1.75 cm downstream

from the result;- of the baseline case at the higher inlet temperature of 2000 K. The

slower iglition response is primarily due to increased convective heat loss caused by

the 1.00 K cooler surroundings when the particle temperature rises above the gas-

phase ter. -*erature. Results from this calculation are plotted in Fig. 34, where a

noticeab. -.ecrease ia the pe-.vent ignited is shown in comparison with the baseline

case. Another case with lower freestream pressure of l.5 atm was calculated, with

all other conditions the same as the baseline. Similar effects on the ignition results

are evi dent. The pcr,:!cz performance stems from the decline in freestream pressure

which decreases the o:xygen partial pressure and the flame temperature, resulting

in a delayed ignition of the particle.
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Results discussed in this work show that the minimization of ignition time can

be accomplished by optimizing the environmental conditions at certain periods dur-

ing the ignition process. King14 originally suggested such a scenario which involved

the initial heatup and removal of the oxide layer in a mixed H2 0/N 2 atmosphere,

then exposure to an 0 2 /N 2 environment for melting and complete ignition. In this

manner, the buildup of the oxide layer during the heatup process (as evidenced

in Fig. 25) can be avoided, and ignition can occur sooner. A similar scenario is

presented here. With the initial heatup occurring in the fuel-rich mixture below

the reaction zone, boron particles avoid oxide layer build-up as they are ejected

into the reacting boundary layer. Since the particles do not ignite or burn within

the fuel-rich layer, the near-surface region heats the particle and removes the oxide

layer, so that the particles achieve thermal runaway immediately upon contact with

the oxidizer. When this occurs, the ignition delay time is governed by the residence

time required for the particles to travel from the sample surface to the region where

sufficient oxidizers exist. Otherwise, if the oxide layer is not completely removed

before the particle contacts oxygen, ignition delay time will be prolonged, thereby

reducing the chances for achieving a high combu-:ion efficiency.
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Chapter 7

SUMMARYr AND CONCLUSIONS

The combustion behavior of HTPB-based solid fuels with various percentages

of boron loading were studied on an experimental basis under both subsonic and

supersonic crossflows, using a connected-pipe facility. A non-intrusive real-time x-

ray radiography system was used to obtain instantaneous surface profiles of the solid

ftuels. New fndings in the area of solid-fuel ignition and combustion are summarized

below.

Visual observation of the ignition sequence of boron-loaded fuels under high-

temperature crossflows revealed the presence of glowing boron particles in the early

stages of particle ignition on the fuel surface. These localized hot spots served as

the ignition source for the solid-fuel sample. The ignition sequence for B/HTPB

(0/100) fuels was different from that of bnron-laden fuels, since only pyrolyzd

HTPB fuel was involved in the ignition process. Ignition of pyrolysis products of

HTPB began in the recirculation zone; however, the required inlet temperatures

were much higher. The addition of boron particles to the solid fuels resulted in a

reduced minimum ambient temperature required for ignition of the solid fuels.

The subsonic crossflow tests revealed that regression rates were highly depen-

dent on freestream static pressures, and less dependent on the temperature and ra-sS

flux. Two mechanisms are attributed to enhanced burning rates at higher pressums:

(1) faster gas-phase kinetics which lead to higher gas-phase temperatures and in-

creased heat feedback to the fuel surface, and (2) increased oxidizer-to-fuel ratio

which allows additional reactions of oxidizers with fuel-rich pyrolysis products and
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ejected boron particles. The addition of small percentages of boron (up to 10 per-

cent by weight) significantly enhanced the ignition and combustion characteristics

of the sample and increased the regression rates. The increase in the regression rate

is believed to be caused by the increase in convective and radiative heat transfer

from the reacting particles to the fuel surface, as well as the increased radiation

absorptivity of the fuel surface. A burning-rate correlation was also obtained in

terms of pressure, temperature, and boron concentration.

Combustion of solid fuels under supersonic crossflows was, for the first time,

successfully demonstrated. For these tests, it was necessary to increase the size of

the recirculating region to promote ignition and flame stabilization of the solid fuel

sample.

The combustion of HTPB solid fuel samples under supersonic crossflow was

also studied using a comprehensive numerical analysis. The formulation was based

on the full two-dimensional Navier-Stokes equations with finite-rate chemistry and

variable properties. The Baldwin-Lomax algebraic model was employed for turbu-

lence closure. The governing equations were solved numerically using a flux-vector

splitting LU-SSOR technique that treated source terms implicitly. Results showed

a distinct flame region above the fuel sample. Inlet conditions were varied for sev-

eral cases to determine the effect of pressure and temperature on the combustion

behavior. For the operating range considered, results indicated that both pressure

and temperature had a strong influence on the solid-fuel burning rate, and that the

burning rate increased with pressure at low inlet pressures from 1-4 atmospheres.

At a higher pressure, the energy released by combustion was not sufficient to fur-

ther raise the temperature of the crossflow. This resulted in a decrease in heat

feedback to the fuel sample, causing, in turn, a reversal of the burning-rate trend

with pressure. This finding is a departure from the conventional understanding in
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solid-propellant studies that burning rates always increase with pressure.

The ignition processes of boron particles above a burning solid fuel were also

modeled. The effects of particle size on the ignition times and locations of the parti-

cles were determined. Under certain operating conditions, an optimum particle size

was attained for minimizing ignition delay times. The study also showed that the

solid-fuel ramjet (SFRJ) provides a suitable environment for reducing ignition delay

times of small particles by staging their ignition process. In this manner, ignition

occurs in a very short time period, allowing ample time for complete combustion of

the particle. Previous studies of boron-particle ignition in solid-fuel ram.jet systems

concluded that the ramjet environment cannot provide suitable conditions for both

ignition and combustion of the particles. This study reveals that it is possible for

particles to ignite and burn in SFR.J's, provided the particles sizes are kept small

(below 10 lim).
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ABSTRACT

The ignition processes of boron particles above a burning solid fuel have been studied
by numerical solution of a comprehensive theoretical model. The gas-phase formu-
lation is based on the time-dependent multi-dimensional compressible Navier-Stoke
equations and species transport equations. The particle-phase solution is obtained
using a well-established boon particle ignition model. Boron particles are ejected
from the surface of the burning fuel into a high-velocity crossflow and their trajec-
tories are traced through the reacting flowfield using a Stochastic Separated Flow
a ...... . Th ='Teat Of __• -0 _ _ *._• _ --* &..I•- _* I_.•• *&* A .-- -A •.• , I,..

aproc. he ~ n ,atc"le size on their igmbin tiMe MAd 10cation aree e
termined. Results indicate that small particlts (d< 3pm) ignite as soon as they
pass through the gas-phase reaction zone and come in contact with oxygen. Larger
particles ignite further downstream, since they require more energy to remove their
oxide layers and achieve thermal runaway. The effects of ambient conditions on the
ignition times are also investigated. The study shows that minimization of ignition
time can be accomplished by optimizing the environmental conditions during the
ignition process.

1. INTRODUCTION

The high volumetric energy density of boron makes it an attractive candidate as a
solid-fuel component for volume-limited propulsion systems. For effective utiliza-
tion, boron particles must ignite and completely burn within the allowed residence
time of a combustion chamber. However, since inhibitive boron-oxide layers usu-
ally surround these particles, ignition and subsequent combustion are often delayed,
thereby hindering the performance of boron-laden fuels. Unless the operating envi-
ronment is suited toward minimizing the ilnition and combustion times, or mantdfac-
turing techniques are developed to minimize the particle size and oxide layer-effect,
boron-containing fuels cannot perform at the desired levels.

To understand some of the difculties associated with the combustion of boron par-
ticles, the ignition and burning procasses of individual boron particles h,.ve been
studied both experimentally and theoretically. Macek (1969) determined the burn-
ing times of crystalline boron particles with average diameters of 35 and 44 microns
in a hot, oxidizing gas stream at atmospheric pressure. The combustion of boron
particles was observed to occur in two successive stages, the first being an ignition
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stage during which the boron oxide layer is consumed from the surface. Ignition was
then followed by a combustion stage in which the boron particle burned vigorously
with ambient oxidizer. Burning times were found to decrease with increases in in-
coming gas temperature and mole fraction of oxygen in the gas. Addition of water
vapor to the surrounding gas was shown to decrease the burning times dramatically.
Further works by Macek (1971, 1972) provided a substantial cdata base for particle
sizes of 37 to 125 microns in diameter, in pressures from 0.17 to 35.0 atm with a
range of oxygen mole fractions from 0.1 to 1.0. For higher values of the diameter
(d), pressure (p) and oxygen mole fraction (Xo0 ), the burning times were found to
be inversely proportional to Xo0 , directly proportional to d' and independent of p.
The burning times deviated from these scaling laws at low values of d, p, and X02 .

Results from these studies were compared with the predictions of an ignition mode,
by King (1972), which described the ignition event in terms of the physical and
chemical processes involved in removing the oxide layer from the surface of the
particle. Ignition times decreased with increasing initial particle temperature for
large particles with radii greater than 10 microns. Decreasing the oxygen partial
pressure increased the minimum ambient temperature required for ignition and the
total ignition time of the particles. Further refinements of this numerical model
proposed by King (1974, 1982a, 1982b, 1989) attempted to fully describe the furl-
damental heat and mass transfer processes surrounding the particle, including the
effects of radiation, oxide-layer thickness, water vapor and oxygen mole fractions in
the ambient gas. Comparison of model predictions with the data of Macek (1969)

were quite reasonable. The ignition model was then linked with a combustion model
(King, 1983) for clean boron particles under kinetic- or diffusion-limited conditions,
thereby resulting in a unified model for boron particles. The combustion stage
is diffusion-controlledi fo 'zge particles and kinetics-controlled for small particles,
with transition in -e,, ,n from 1&-30 microns in diameter, depending on the
ambient pressure.

Mohan and Williams ("1721 also studied the ignition and combustion of laser-ignited
boron particles in the 100'micron diameter range. A diffusion-controlled droplet
burning equation was applied to the combustion stage and agreement was attained
between theory and experiment. However, the application of this model is limited
to high-temperature
(T > 2300 K), dry environments in which the particle diameters are greater than
approximately 40 microns and the burning is diffusion-controlled.

Because of the important role which boron oxide (B2 03 ) plays in the ignition pro-
cess, the gasification process of B20 3 drops was studied in wet and dry oxidizing
environments (Turns et al., 1985). Drops with 1000 micron diameters were exam-
ined under freestream gas temperatures from 1500-1975 K at atmospheric pressure.
Large variations in ambient oxygen concentration produced little or no effect in the
droplet lifetimes, whereas the presence of water vapor in the ambient gas sign.fi-
cantly increased the gasification rate of the particles. A diffusion-limited equilibrium
model provided agreement between oxide drop-life histories and experimental data
for particles with temperatures greater than 1350 K.

Recent experimental studies in boron-based solid fuel combustion have focused on
the effect of boron loading on regression rate and combustion efficiency. Snyder et
al. (1990) studied the effects of boron percentage on the burning rates of hydxoxyl
terminated polybutadiene (HTPB) solid fuels by adding small fractions of boron
powders to enhance the ignition and combustion characteristics of the fuel samples.
Regression rates were found to increase with boron addition up to 10 percent, but
further addition of boron caused the fuel regression rates to decrease. Pein and
Vinnemeier (1989) noted similar effectson specific thrust at a boron loading of
20 percent. Specific thrust increased with boron !cading to 20 percent; however
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further addition of boron hampered combustion efficiency and decreased specific
thrust. This decrease in may be attributed to (1) the heat-sink effect associated with
unignited boron particles in the gas phase which reduced the gas-phase temperature,
(2) shielding of heat feedback to the surface by a large number of boron particles
above the surface, (3) reduced pyrolysis caused by the accumulation of unreacted
boron particles on the surface, and (4) decreased gas-phase reactions due to the
smaller percentage of HTPB contained in the sample.

Jarymowycz et al. (1990b) also studied the effect of boron on the ignition and
combustion behavior of solid fuels under high-velocity crossflows. The addition of
boron decreased the minimum freestreann temperature required for ignition, since
reacting particles on the sample surface acted as a local heat source for igniting the
fuel sample. The dependence of regression rate on temperature also increased with
boron addition due to the enhanced radiative and convective heat feedback from
the particle-phase reactions at elevated temperatures.

To better understand some of the complex two-phase phenomena occurring above
a reacting boron-laden solid fuel, a numerical study was conducted to determine
the ignition behavior of individual boron particles in a ramjet environment. The
approach presented herein should furnish a more realistic indication of the varying
conditions surrounding a particle as it travels through a turbulent reacting flowfield
into an oxidizing core region. The specific objectives of this study are:
1. to study the ignition process of individual boron particles ejected from a reacting
solid fuel under a high-velocity crossflow,
2. to determine the effect of particle size on the ignition time and location of the
particles,
3. to investigate the effects of freestream parameters, including pressure and tem-
perature on the ignitability of the boron particle, and
4. to investigate the possibility of an optimum particle size for minimizing the
ignition delay time.

This type of particle trajectory analysis has been performed by Natan and Gany
(1987) in a low-speed environment with Mach numbers less than 0.1 and particle
sizes greater than 25 microns in diameter. This work considers much smaller particle
sizes on the order of 5 microns in a high-velocity environment (M > 0.8). Because of
the small particle size, the turbulence effect on dispersion of the particle trajectories
is also included.

2. THEORETICAL FORMULATION

The physical geometry considered in the analysis is shown in Fig. 1. A uniform
supersonic air flow enters a two-dimensional chamber in which a solid-fuel sample
pyrolyzes and reacts with the ram air in the gas phase. To facilitate f)rmulation,
the gas pha&e, solid fuel, and boron particles are treated separately. The gas and
solid phases are linked together through the balance of mass and energy fluxes at
their interface. In order to achieve steady-state conditions in the gas phase and at
the fuel boundary, the fuel is fed at a rate of rb equal to the local burning rate,
which keeps the surface of the burning sample stationary. A single boron particie
is then ejected from the fuel surface into the surrounding gai, and tracked through
the turbulent fiowfield to the exit of the chamber. The instan•,aneous gas properties
surrounding the particle are incorporated into the boron particle ignition model, but
mass and energy fluxes from the particle are not inc! ded in the gas-phase solution
since the effect of an individual particle on the flowfield is minimal. The gaseous
flowfield is therefore decoupled from the influence of the pmaticle. This assumption
is justified for two-phase flowfields with high void fractions

0
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FIGURE 1. Physical Geometry of Two-Dimensional Combustion Chamber

hi the following formulation, equations gcveining the gas phase and solid fuel are
given first. Aftawards, the boron particle ignition model is summarized along with
the particle-tracking equations.

2.1 Gas-Phase Analysis

The gas-phase analysis is bz.aed on the Favre-averaged couse.-vation equations of
mass, momentum., energy, and species transport for a multicomponent system in
Cartesian coordinates. They can be written conveniently in the vector form

8Q aE 8F M, O9F,

where Q [Ps l,.. ... -,

E-[,,•• , + ýOo ii (Ai + p), Aglk]r

B.-(0, f..' fY, fij.. + 6f:,1 .- , ,igil]

H a [o, o, o, o, W]T

for i = 1,2,... N-i, with N being the total number of species considered. The
diffusion terms in E, and F, are defined as

frr = 2y-] - Pf C + t(2)

ex 3 97 e
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4-- ef (3)

f= 2..eff, - !,leff 1.9 + (4)

OT U (5)

N

+ Pg~hiYifV (6)

where Oi and fi stand for the diffusion velocities and are determined by Fick's law.
The effective transport properties Pepf and Ae . contain contributions from both
the laminar and turbulent diffusion processes. NUl account is taken of the variation
of specific heat with temperature, giving the static enthalpy as

hi f c ,, d7 + h., (7)

where hfi is the enthalpy of formation. Consequently, the specific total internal
energy e becomes

N1

i=1 Pg

Finally, the equation of state determines the pressure from the temperature, density,

and species mass tractions.

N

The binary mass diffisivity, D 1, is determined using the Chapman-Enskog theory
along with the Lnnard-Jones intermolecular potential-energy functions (Sherwood
et a., 1975). The effective diffusivity is then calculated through the following
formula (Williams, 1985).

'-Xi
Dim=, for i 6 j, (10)

Ej. XiD,,

where Xi is the molar fraction of species i.

Thermodynamic and other transport propertie- of each constituent species are eval-
uated using fourth-order polynomials of teemperature (McBride and Gordon, 1967)

a
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which are valid for the range from 300 to 5000 K. For a mixture, specific heat is
determined by mass-concentration weighing of each species; viscosity and thermal
conductivity are calculated using Wilke's mixing rule (Reid et al., 1987).

2.2 Solid-Fuel Analysis

if we ignore the bulk motion, subsurface chemical reaction, and axial thermal dif-
fusion, the equation governing the solid-fuel sample reduces to a dne-dimensional
heat conduction equation for eac axial station. Under steady-state conditions, this
equation takes the form

d A - Prb ± [c,,. (T. - TeI) + h,,] =0 (11)

subject to the boundary conditions

T.=T. as y -*-oo

T. = To., at Y= 0

where the subscript "s" denotes the properties of the solid phase. Since the ther-
mophysical properties of most solid fuels are not well characterized with respect
to temperature, these properties are treated as constants. For solid fuels, the
condensed-phase reactions such as thermal decomposition usually occur in a very
thin layer immediately beneath the surface (about several hundred microns). This
effect can be incorporated in the gas-solid interface covdItions to simplify the anal-
ysis. Integration of Eq. (11) yields the steady-state temperature distribution at a
given axial location in the solid phase.

T. = T. + (T., - TO) ezp (psrbc,, ) (12)

Since the ejection of an individual boron particle is addressed in this work, the effect
of a single particle on the properties of the solid fuel is negligible. In the event that
a Eigh loading of particles is treated in a future study, then fuel properties should
be modified accordingly.

2.3 Boundary Conditions

The heat and mass transfer processes between the gas and condensed phases must
be matched at the fuel surface to provide the necessary interface conditions for both
phases. This procedure will eventually determine the temperature, regression rate,
and species concentrations at the surface. With some straightforward mrazipulation,
the matching conditions are as follows.

Mass

pr6 pgVgI+ (13)



Species Mass Fraction

p. rbYl. =PvY4i - pg Di -I (14)

Energy

-A$ w1+ pabj cdT + hl,)=
- D9 i ay 1+ -q, (15)

ida1 +

where "+" and "-" repre-ent, respectively, the conditions immediately above and
below the surface. It is worth mentioning that hi contains both the sensible and
chemical enthalpies of the gaseous species. The difference in enthalpy across the
interface accounts for the latent heat of gasification and chemical energy release
associated with the thermal decomposition immediately beneath the soid-fue, sur-
face. The pyrolysis rate of solid fuel is evaluated using a zeroth-order Arrhenius
expression.

,b = _tep (16)

where A, is the pre-exponential factor, p, the fuel density, E, the activation energy,
and T,,,r the surface temperature. Radiant heat transfer to the surface due to
emission from the gas phase is calculated usig a Stefan-Boltmzm.zin relation in terms
of the averaged gas-phase temperature. The totas gas en .ivity is estimated using
a methcd developed by Hottel '(ncrrpý-xa and DeWitt, 1985), and is a function of
the species mole fractions, gas-phase tempe'atuto, pressure, and mean bepm length.
Again, since only an individual particle is addressed here, the incorporation of a
boron particle into the gas/solid interface conditions iL neglected.
The flow at the upstream boundary is supersonic, with pre-specified tempexature,
prwsure, Mach nmber, and species mass fraction. The inlet velocity profile is as-
sumed to be uniform in the y-directioL., and has no vertical velocity component.
Since the flow tt the downstream boundary is alro stipersonic, all of the exit con-
dition. are extrapolated from their counterparts within the combustion chamber.
However, in the event that the flow at the exit is subsonic (i.e. due to shock waves),
the static pressure may be specified as anT additional boundary condition. The upper
boundary is taken to be a line of symmetry. Therefore, the vertical velocity compo-
nent and the derivatives of all the other dependent variables across the boundary
are set to zero. The no-slip condition is employed at the surface of the fuel sample.

2.4 Turbulence Model

The Baldwin-Lomax algebraic model (Baldwin et al., 1978) along with constant
turbulent Prandtl and Schmidt numbers (Prt= Scj= 0.9) are chosen to achieve the
turbulence closure because of their computational efciency and simplicity. This al-
gebraic model calcufates the turbulent eddy viscosity, using the Prandtl-Van Driest
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formulation and the local vorticity distribution for the near-wall and outer regions,
respectively.

2.5 Gas-Phase Combustion Model

For combustion of gaseous hydrocarbon fuels with oxygen, Westbrook and Dryer
(1981) suggested a simplified two-step reaction mechanism that reasonably predicts
reaction rates for a large number of hydrocarbons over a wide range of equivalence
ratios and pressures.

CnHm + + O nCO + !!H2  (1711

CO + -0 2  C0 2  (18)
2

This two-step mechanism is adopted without the reverse reaction of Eq.(18) since
its reaction rate is slower than the forward reaction by six orders of magnitude, and
in light of the short residence time of the flowfield, it has little effect on the overall
kinetics. Equations (17) and (18) are satisfactory expressions for the gas-phase re-
actions, provided the flame temperature is not high enough to promote dissociation
to free radical species such as H, 0, and OH. For flame temperatures above 3000
K, a multi-step mechanism will be recommended to account for dissociation.
The production rates of the species are

Wfu = -MIAfr. exp (R,,T C,, C0, (19)

and

Wco = nMcoAf. exp ( T) 2

-McoAco p EC\ CC .,o C6 (20)
1RT J IO0

where the subscript fu represents the fuel species, and the factors a and b ,re
dependent on the type of fuel species considered. The source term for each of the
remaining species is similarly determined. Nitrogen is also considered since air is
the oxidizer; however, it is treated as inert with a production rate of zero. In
summary, N-I species conservation equations and one algebraic expression relating
these species to nitrog'en are solved.
in this study, multiplicative effects between chemical kinetics and turbulence are not
included. This is justified due to the lack of experimental or ar.&aytical information
in tihe area of supersonic reacting flows. A much more comprehensive treatment is
required to fully account for these interactions.

2.6 Boron Particle Analysis

The ignition of the boron particle is treated according to the model of King (1982a)
with the most recent modifications (King, 1982b, 1989). This model s.ssurnes a
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FIGURE 2. Boron Particle Ignition Model Processes

particle radius of re with an initial boron oxide layer thickness X surrounding the
particle (see Fig. 2). Convective and radiative heat transfer to the particle begin to
liquify and evaporate the oxide layer, while oxygen and water vapor diffuse through
the layer to react with boron and raise the temperature of the particle. Additional
surface reactions of water vapor with the oxide layer further aid in the removal of the
oxide. Provided that the heat transfer to the particle is high enough to promote the
complete removal of oxide and the melting of the particle, thermal runaway should
occur. If the surrounding temperature is too low, or if the oxygen concentration
is not high enough to allow sufcient exothermic reactions with boron, the particle
will not izite. The equations for the rate of change of particle radius and oxide
thickness based on the processes discussed above are as follows.

dr'= RaM (21)
dt PB

where RB is the molar consumption rate of boron per unit area due to the reaction
with 02-.

dX (-RL R-1 -Rs)MYB,oS 22W =% (2-, - B- 0)4 ,o (22)
dt PB:O3

RH is the molar removal rate of B2 0 3 per unit area due to reaction with H 2 0, and
RE is the molar evaporation rate of B2 0 3 per unit area. The energy equation for
the particle at the bulk temperature of Tr is given as

S= 4rr' (RBQI - RHQ2 - REQ + h (T, - T,) + oeB (7. - 7)) (23)

where Q, is the heat of reaction of the solid or liquid boron with oxygen, and Q2 is
the endothermic heat of reaction of water vapor with boron oxide which depends on
the resulting product (either HOBO or H3B 30). For gas temperatures below 1400
K, the product is solely Hl3 B3 0, whereas above 2000 K the result is HOBO; at
intermediate temperatures there is a product mix. In this study, HOBO was used
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as the reaction product, since the surrounding temperatures were greater than 2000
K. Q3 in Eq. (23) represents the heat of vaporization of B- 03 (l). An additional
water vapor reaction with B(,) and B20 3 (0

H20(,) + !B(,.I) + !B 202(1) -2 ýHA03(0 (24)

may be included in the ignition model; however, this reaction does not affect the ig-
nition times in mixed 0 2 /11 2 0 atmospheres (King, 1982b) and is therefore neglected
here.
The convective heat-transfer coefficient is calculated by the product of the Nusselt
number (obtained from Bird et al., 1960) and thermal conductivity of the ga-. p-ase
divided by the particle diameter, where

Nu = 2.0 + 0.60Rel (25)

and Rei = 2r, ju, - uPIA. (26)
J'

Equations describing the rate of change of the particle bulk temperature and the
fraction of boron melted are given below.

dT, _ _ _ _ __ _ _ _ _
dT "" for T. < Tmdt (27a)"-V-4•rr,3pSCB(.) + 47rr•XpsO=C•SO,

dT, ___.__ __ __ _
dt" + 4 for Tp > Trdt (27b)d rpcBj + 4 xrr,oXP ,O,Cpo,

df dH
d= 4 rrWpBQ.f, for Tp = Tmejt (28)

where Tmeit is the boron melting temperature of 2450 K and Qm~u is the heat of
fusion of boron.
The molax rate of conversion of boron to 'boron oxide incoq'orates several series
resistances: the diffusion of oxygen through the surrounding gas to the outer surface
of the oxide layer, the dissolving of oxygen within boron oxide, the diffusion of
oxygen across the molten oxide layer to the B/B 203 interface, and the cesulting
kinetics of the react;on at that interface. Details of the origin of the expression for
P. are given by King (1982b) and the resulting equation is given below.

as = POI (29)1 +X+ I

where f, =3.89ezp ( 1700) (30)

f2= 7.0 x 10-se:,p (, 9800) (31)

f3 = 4.68 x I0'T• Nu (32)
r~p
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The following units are used in Eqns. (29-34): Ra (kg-mole/m 2/sec), p (atm), rp

(in), X (mn), T (K), f, and f., (kg-mole/in2/atm/sec), and f2 (kg-mole/ni/atmfsec).
The evaporation rate of B2 0 3 liquid contains two series resistances: evapoiation
kinetics and the diffusion of B2 0 3 gas away from the particle. Derivation of the
expression for RE can be found in King (1974).

8x10Qae(p 44000)Rz = 1 (33)
7V5 4.$xlO$*rp(,,)

The rate of reaction of water vapor with boron oxide to produce HOBO was updated
by King (1989).

1.816 x 1Ws 1 16900ý
exp= K-• T.) pH2o (34)

where PH1o is the partial pressure of water vapor.

To track the particles through the flowfield, Lagrangian equations of motion are
solved. The calculations assume that the parti e is spherical, and the effects of
static pressure gradients, virtual mass, an Basset forces (deviation from steady
flow pattern around the sphere) are negligible. The resulting momentum equations
consider the drag force on the sphere, which contains both the skin friction and
form drag, and the body force in the vertical direction.

dvp 3Cripg t, )I+
tug__ = _ u_ ) lg _ UI (35)

dt 8r~p, g

The drag coefficients are approximated as follows (Kuo, 1986).

CD =R~ed 1 + 6 for Red :. 1000 (37)

CD =0.44 for Red> 1000 (38)

The position of the particle is determined by integrating the equations below.

dz (39)
T= uip(9

d.. (40)

The effects of dispersion on the particle trajectories should also be considered, since
the particles are small and their paths are influenced by turbulent fluctuations in
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the flowfield. To incorporate these effects, the Stochastic Separated Flow (SSF)
model for spray combustion is utilized (Shuen, 1984). The SSF model involves
finding the trajectories of a statistically significant number of individual patticles
ejected from the fuel sample into a fiowfield containing a random distribution of
turbulent eddies. For each eddy, the translational velocity of the bulk motion of
the gas phase is considered uniform, but this property changes randomly from one
eddy to the next. Changes in particle trajectories are observed by substituting the
instantaneous velocities of the eddies into Eqs. (35) and (36). Specification of eddy
properties and the interaction time between a particle and eddy are therefore cruci;A
elements in this model, and they are summarized below.

The velocities of each eddy are determined at the start of the particle-eddy interac-
tion by random sampling from the probability density function (PDF) of velocity.
The velocities in the axial, vertical, and transverse directions are assumed to have
normal distributions, with mean values of ii, 0, and 0, respectively. Velocity fluc-
tuations in the axial direction have a magnitude of u'. but because of anisotropic
behavior near the wall, the magnitudes of fluctuaticns in the vertical and transverse
directions are only fractions of u'(Hinze, 1975). For simplicity, they are approx,-
mat-d throughout the boundary layer region as

t, =2' (41)

w ' 3 , (42)
"4

The instantaneous velocities of the eddies in the x and y directions are G + au'
and f + av', respectively, where a is randomly sampled from a staz-dard normal
distribution.

The values for u' and v' cannot be obtained from the algebraic turbulence model.
To solve for these turbulent fluctuations, the turbulent kinetic energy' and eddy
dissipation rate must first be found using the following equations.

8k 8 Vk 8 [1 8PI tU
a(43)

2 (44)

where cl and c2 are constants and f2 is a function to modify C2. The details of
the formulation and solution to these equations are given in the thesis by Tseng
(1991). Under isotropic conditions, turbulent fluctuations are equal in magnitude in
all three dimensions. However, the conditions imposed here by Eqs. (41-42) result
in u" = (1.10k) 1. Equation (41) is then employed to obtain v'.

A particle interacts with an eddy for a duration which is either the time required
for the particle to traverse the eddy or the eddy lifetime. The eddy lifetime can be
estimated from Shuen (1984) using



152

t, (45)

in which L,, the characteristic size of an eddy, is assumed to be the dissipation
length scale.

X - (46)

where C. = 0.09. The time required for the particle to traverse the eddy is not
directly ýalcul]aed; however, the distance the particle travels within the eddy is
continuously monitored such that it xemains less than the eddy size. The parti-
cle/eddy interaction is terminated if (1) the distance the particle travels within the
eddy ,jAz is greater than the length scale of the eddy, or (2) the time of interaction
(At5 is greater than the eddy lifetime. These criteria are represented as follows.

Upon completion of the interaction the particle then enters a new eddy with prop-
erties determined from another random sampling of the PDF. Mean dispersion rates
of fhe particles are obtained by averaging over a statistically significant number of
particle trajectories,

3. NUMERICAL METHOD

The theoretical formulation for the gas phase i3 solved using a numerical scheme
based on the Lower-Upper Symmetric Successive Overrelaxation (LU-SSOOR) tech-
nique (Yoon and Jameson, 1987, and Jameson and Yoon, 1987). This scheme slvwes
the two,- or three-dimensional Navier-Stokes equations and species transport equa-
tions by means of th. finite-volume approach. It has proven to be very robuist and
efficient for highly reactive systems such as the combustion of hydrogen and oxygen.
The algorithm was previously validated for superzonic mixing and reacting flows by
comparing predicted results with both experimental results and other namericai
calculations (Shuen and Yoon, 1989). A sunnmar" of the solution technique for this
application is given in Jarymowyez et al. (1990a).

After the solution to the gas phase is attained, an individual boron particle is ,jected
from the solid fuel into the high-temperature flowfieid. Local vziues of pressure,
temperature, and species mass fractions are used for the conditions surrounding the
particle. The equations governing the boron particle history are solved by a fourth-
order Runge-Kutta scheme (Hornbeck, 1975). The time step f•r stable convergence
of the continuity and energy equations is approximately 0.01 milliseconds; howeve,-
the time scales for the turbulent eddies are much smaller. For this reas•on, the eddy
lifetimes are first determin-d. then one-fif'h of tr is utilized as the time step for the
calculation. The particd tr;a.,.tomy is . - ated to the exit of the chamber, after which
another particle is ejected from the smine location as the first. The new particle is
also traced to Ihe exit of the combustiom chambc-r, but due to the tandemness of the
turbulent fluctuations, the trajectory is different. The procedure is repeated 2000
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times to achieve a statistically significant number of trajectories. The properties of
the particles are recorded at three axial stations, at x = IL, IL, and L, where L is
the length of the combustion chamber.

4. RLESULTS AND DISCUSSION

4.1 Gas-Phase Solution

Calculations were performed with HTPB (hydroxyl-terminated polybutadiene) solid
fuel samples located along the bottom surface of a 2-D chamber with an inlet height
of 3.175 cm and a length of 15.24 cm, as shown in Fig. 1. The sample spans 7.62
cm along the lower boundary of the chamber, thus allowing space for chemical
reactions downstream of the fuel. HTPB was chosen for this study because it has
been characterized for it2 wide use in composite propellants (Cohen et a., 1974),
and it is an energetic binder commonly found in solid fuels.

To facilitate the gas-phase analysis, it is assumed that butadiene (C4QH) is the only
product released from the fuel surface. This simplification is justified for the foeow-
ing reasons. First, vinylcyclohexene, the second-most abundant pyrolysis product,
(Ericsson, 1978, and Brazier and Schwartz, 1978) can be adequately represented
by butadiene, since the monomer and dimer have similar molecular structures and
kinetic parameters. Second, the majority of hydrocarbons tabulated in Westbrook
and Dryer (1981) have equal activation energies and only a slight variation in pm-
exponential factor. Thus, the consideration of additional fuel species would not
alter the kinetic behavior of the gas phase. Finally, in the limit of fast kinetics with
respect to the diffusion process, one hydrocarbon may be sufficient to represent
the fuel species, and additional hydrocarbons would not change the fundamental
characteristics of the sample. With the two-step reaction mechanism of Eqs. (17)
and (18), the gas phase contains six species: CS!., 02, CO, H20, CO2, and N2.
The rate ronstants for these reactions are given in Westbrook and Dryer (1981) and
Dryer and Glassman (1972).

Each calculation employed a 120x80 grid. The nunerical &rid was uniform in the
horizontal direction, with a spacing of 0.129 cm. Since many important physicad
processes occur in the region immediately above the sample surface, the nume-ical
grid wras clustered vertically near the surface, with the smallest grid measuriag 45
microns in height. For each computation, the total mass flowrate of tht ram air
and pyrolyzed fuel was conserved to within 0.1% at the exit. The scheme required
approximately 40 Asec of CPU time per iteration per grid point on a Cray Y-MP
machine.

Figure 3 shows the contour plots for Mach number and static temperature, with an
inlet Mach number of 1.2, a static temperature of 2000 K, and static pressure of
2.5 atmospheres. Mach-number contours are incremented by 0.1 and tempcrature
contours by 100 K. These figures show only the bottom 3 mm of the combustion
chamber and have been magnified in the y-direction by a factor of twenty to resolve
the flow structures nearest the surface. In Fig. 3a, an inlet shock occurs at the
entrance due to the abrupt deceleration of the flow at the surface to satisfy the no-
slip condition. This deceleration enhances temperature recovery and heat tr.nsfer
at the surface. This shock decelerates the flow to a subsonic Mach number of' 0.8,
with corresponding increases in static temperature and pressure to 2100 K and 3.4
atm, respectively. Immediately downstream of the entrance, the tempermture plot
shows a series of closely spaced contours near the surface, indicating the leading edge
of the flame with a maximum temperature of 3300 K. Although this temperature is
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high enough to promote dissociation, the high-temperature region is very small and
it is unlikely that neglecting dissociation in this region would sig cantly afect the
results frorm the particla-phame solution. Further downstream of the fuel sample,
the temperatures are in the neighborhood of 2300 K.
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The mass fractions of butadiene, oxygen, and water vapor are presented in Fig.
4. The f•el species are generated from the sample muface, then diffuse toward the
freestream to mix and burn with oxygen. At the inlet to the chamber, the oxygen
is uniformly distributed with a mass fraction of 0.23. It is then consumed by the
chemical reaction which generates a maximum temperature of 3300 K, shown in
Fig. 3b. The gas-phase temperature diminishes downstream of the T,.,,, location
because of heat transfer back to the fuel sample and a reduction in chemical heat
release caused by an oxygen deficiency near the fi. surface. The maximum tem-
perature at each axial station occurs in a re~ion where mass iractions of oxygen and
bt.tadiene are near stoichiometric. The temperature then drops off from this region
due to fuel-rich conditions toward the aurface and oxygen-rich conditions toward the
freestream. The vertical location -.! mnximum temperature is determined by the
rate of diffusion and blowdng of pyroly-,ed fuel-rich gases into the reacting boundary
layer. Finally, the species distributions show incomplete consumption of butadiene
at the exit along with the complete consumption of oxygen near the surface, which
suggests that further entrainment of oxygen or perhaps better mixing between the
fuel and oxidizer will improve combustion efficiency.

4.2 Particle Ignition Results

Preliminary calculations were performed with boron part'cles in quiescent surround-
ings in order to verify the operation of the numerical scheme, and to determine the
approximate particle size which would moat likely result in ignition within the con-
fines of the combustion chamber. Typical results of such a calculation are shown
in Fig. 5, where the particle tempa'ature and oxide-layer thickness are plotted
"versus time. The initia! particle radius is 2.5 microns with an oxide thickness of
0.03 microns, and initial temperature of 900 K. The arzbieut temperature, pressure,
oxygen mole &!action and water vapor mcle fraction am• 2200 K, 2.5 atm, 0.21, and
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FIGURE 5. Histories of Particle Temperature and Oxide Layer Thickness
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0.0, rmspectively. Figue 5 shows an abrupt increase in particle temperature within
the first 0.2 ms due to convective heat transfer from the surroundings, then a grad-
ual increase when the particle reaches the ambient temperature. While the particle
temperature rise-, the oxide layer thickens due to the diffusion of oxygen across
the oxide iayer to react with boron at the B/B 20 3 interface. At a sufficiently high
particle temperature (at t=0.18 ms), the evaporation rate of boron oxide begins to
dominate over other modes of B20 3 generation, and the oxide layer becomes thin-
ner. The particle temperature continues to slowly rise due to the self-heating from
the interfacial reactions between B and 02. Eventually, the particle temperature
reaches 2450 K at t=0.45 ms and the boron particle begins to melt. After melting,
the remaining oxide is quickly rwnoved and thermal runaway occurs, resulting in
full-fledged ignition of the particle at t= 0.66 ms. The change in the particle ra-
dius throughout the ignition event is almost negligible, with the radius at thermal
runaway equal to 2.45 microns.

Choices in the initial conditions of the particle may have some bearing on the
ignition time of the particle. The initial temperature of 900 K was based on the
anticipated temperature of the particle when it is ejected from the solid fuel. A slight
variation in this initial condition should have negligible effects, because the increase
in particle temperature at the onset is very steep. The initial oxide thickness, on the
other hand, may have some consequence on the final ignition time of the particle.
According to previous studies (King, 1974), a five-fold increase in oxide thickness
from 0.02 - 1.0 microns with a particle radius of 2.5 microns results in a fifty percent
increase in ignition time. The value of 0.03 microns was chosen to keep the -mass
fraction of oxide below five percent of the total weight of the particle. This value
was not varied in the remainder of the numerical cases studied, since the effect of
the initial oxide thickness is already known.

Several key points should be addressed concerning the results from the previous
example, keeping in mind that the followk.g comments refer to dry oxidizing en-
vironments. First, the rise in particle temperature from the initial to the ambient
temperature is predominantly due to convective heat transfer. The presence of oxy-
gen during this short time has some adverse effect on the ignition process, since the
oxygen mostly serves to thicken the oxide layer, thereby requiring additional time
to eventually evaporate the thickened layer. Second, when the particle is heated
to the ambient temperature in the neighborhood of 2200 K, the exothermic reac-
tions between boron and oxygen are responsible for generating heat to evaporate
the oxide layer, melt the p.---ticle, and subsequently cause thermal runaway. These
processes account for a largec portion of the ignition time, as evidenced in Fig. 5,
because increases in particle temperature are slowed by heat losses through evap-
oration and convection (for T,>To). Finally, the criterion for ignition is thermal
runaway. Thermal runaway cannot occur before the oxide layer is removed, nor can
it occur before the particle is completely melted. The choice of a high temperature
(2600-3000 K) to terminate the calculation is not crucial, since the temperature
increases rapidly during this stage. In this work, the particle temperature chosen to
stop the ignition calculations after thermal r-uaway ;.3 2600 K. When wa.er vapor
is present in "he surrounding gases, thermal runaway will occur sooner due to the

increase ia !b.e consumption rate of B 20 3 .

As mentioned above, the purpose of the previous example was to ascertain whether
or not a certain particle size would ignite during the limited residence time within
the combustion chamber. Since the ignition time shown in Fig. 5 is approximately
0.7 ms and the residence time of the particle is on the order of 1 ms, then the
particle with a 2.5 pm radius should be appropriate.

The conditions for the baseline case of a boron particle ejected from the fuel sample
ace a.q followg. The initial particle radius is 2.5 microns with an oxide-layer thickness
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of 0.03 microns and temperaturz of 900 K. The particle is ejected vertically from the
front of the fuel sample with a velocity of 0.3 m/s. This velocity is approximately
one half of the velocity of the pyrolyzing gases. Depending on the entrainment
of the particle iu the pyrolyzing gas, this initial velocity may vary. The particle is
ejected into the reacting flowfield for which the Mach number contours, temperature
contours, and species mass fractions have been giver, (Figs. 3 and 4). The ejection
process is repeated two thousand times to achieve a statistically significant number
of trajectories.

For each particle, the equations for the rate of change of radius, oxide-layer thick-
ness, and temperature are solved at each time step. The particle location and
velocity at each time step are also determined. In some cases, the Particles may
hit the lower wall boundary mmewhere donwn•ream of the ejection station. In this
instance, the particle is assumed to adhere to the surface and the calculation is ter-
minated. Part'"les which satisfy the ignition criterion of thermal runaway continue
to be traced through the combustion chamber at a constant particle temperature of
2600 K. This assumes that the particle has ignited and does not extinguish during
its remaining time within the combustion chamber.

The distributions of the particle height above the lower wall are plotted according
to temperature in Fig. 6, at an axa) location of x= 5 an (I-L). Of the 2006 ejected
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particles, 1512 remain in the flowfeld while the rt halve hit the surface due to the
influence of random turibudent fluctuations in the eownward direction. The majority
of the remaining particles are either melting or have already ignited, as shown in
Fig. 6, with few particles at temperatures below 2450 K. The trajectories associated
with the melting and ignition of the particle are such that most trajectories pass
through the ornh-tempeuuture region at the fiont of the sample shown in Fig. 3b;
therefore, these parutiles am subject to a very high convective heating immediateiy
after ejection. Particles whose trajectories are closer to the surface do not experience
such a high temperature increase from convection. Thes, wer trajectories are
within 0.6 mm from the surface, which is within the fuel-rich, rcgion of the boundary
lkyer (shown in Fig. 4a). Along these paths, the particles are not exposed to
oxygc•x; therefore, the possibility of their ignition is slim. Fxrther downstieam
at x=-L, the number distributions are more broadly spread as shown in Fig. 7,
with 65% of the particles ignited. All particles above the 1.4 mm locatiov have
ignited. This indicates that particles ignite if they are able to penetrate the gas-
phase flame region, since their temperatures are high and the surroundings provide
sufficient oxygen for ignition. Results also show that at the exit, 77% of the particles
remaining !n the flowfleld have ignited. The average horizontal velocity of 'ehese
particles leaving the chamber is 582 m/s, indicating that these particles er almost
fully entrained into the flow which has an average gas-phase velocty of 650 r/s.

In order to deterrrdne the most probable location for ignition of the particles, the
number of occurrences of ignition were recorded according to the spatial location
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within the flowfield. Contours of the number of occurrences for the baseane case
are plotted in Fig. 8, with the outermost contour line representing the ignition
of at least one particle, and each succeeding line representing an addition - three
occurrences of ignition. The lines are closely spaced within the region between
3.0 and 4.5 cm from the inlet and 0.7 to 0.9 mm from the fuel surface, where 37
percent of the particles ignited. The average time for ignition at this location is 0.13
ms. When compared with oxygen mass fractions in Fig. 5b, the ignition locations
indicate the importance oi 02, SiUce the particles ignite when they come in contact
with oxygen after passing through the high-temperature zone. The effect of water
vapor on the ignition time is insignificant in this case, because the mass fractions
shown in Fig. 5c are quite small

The effect of particle size on . " '. "on time and location was investigated. Ad-
ditional cases were studied wit .a •r particle rzdii of 1.5 and 1.0 micrcns, and
larger radii of 4.0 microns, w-: I - initial conditions remaining the same. For
both of the smaller particle -izt .g uition locations moved upstream to 1.75
cm, as shown in Fig. 8b and 1c. Fo. ..- 1.5 micron particles, 56 % of the particles
ignited by the time they reached x-=-L and 78 % by the time they reached the exit.
The likeliRood of ignition for iNs size is greatex in comparison to the 2.5 micron
particles because the smaller size requires less energy to be heated to the ignition
temperature. The approximate ignition time for these particles is 0.06 ms. For even
sma-Her particles with a 1.0 micron radius, the ignition time is nearly the same. This
occurs since the particles cannot ignite any sooner due to the lack of oxygen near
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the surface. Both the 1.5 and 1.0 micron particles h,.at up and completely remove
their oxide layers within the fuel-rich region near the surface, then ignite when they
come in contact with 02. Although the ignition times and locations are the same,
a tremendous decrease in the n-amber of ignited particles is noticed for the particles
with 1.0 nm radius. At x=!L, only 9% have ignited, and at the exit only 15% have
experienced therirl runaway. These results are partly due to the lower inertia of
the smaller particles, whieh allows the majority of them to be swept downstream
before reaching the high temperature region above the fuel sample. Another cause
for the smaller number of ignited Particles is due to convective heat loss of the
unignited particles after they pass iato the oxidizing region. The surrounding gas
temperature is in the neighborhood of 2300 K, which should be sufficient to ignite
the particles; however, for smaller particles both the specific surface area and the
convective heat-transfer coefficient become greater, resulting in a more dominating
effect of heat loss from the particle. The energy supplied by the exothennic re-
actions may not be sufficient to compensate for the heat-loss effect. Therefore, in
some instances a smaller particle size would not benefit the ignition process. If the
surrounding temperature was greater than the ignition temperature of the boron
particles, then the convective heat losses could be avoided and the ignition times
world be shortened for the smaller particles.

Larger particles with radii of 4.0 microns ignited much further downstream at x=
8.7, cm and y=1.3 mm as shown 'n Fig. 8d. The ignition time at this location is
0.32 ms. At x=-L no particles were ignited, and at the exit only 44 % were ignited.
In comparison with Figs. 6 and 7, less disp.'rmion in the trajectories was noticed
at the x=1L and x=11, stations, as siow, in Figs. 9 and 10, since the p ;rticles
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were heavier and not able to follow the turbulent fluctuations as well as the smaller
particles.

Fi.ure 11 summarizes the effect of particle size and axial location on the ignition
p~robability. The percent of ignited particles is plotted at three axial stations for
the four different particle sizes. For particles with radii cqual to 1.0 micron, 9
percent ignited by passing through the flame region, and only 6 percent more ignited
afterwards. I or !arger particles of 1.5 and 2.5 microns in radius, dramatic increases
were noticed in the ignition percentages. The particles with 1.5 micron. radius
ignited in the upstream regions of the combustion chamber, whereas the slightly
larger particles of 2.5 microns required more time to ignite. Nevertheless, the results
at the cxit of the chamber are comparable. A total of 78 percent of these particles
ignited For ever. larger particles of 4 micron radius, the percentages decreased
becaus- of the increased energy and time required to Wgnite the particles.

The effect of ambient conditions on the ignition of the boron particles was also
studied and compared to the baseline case. The gas-phase equations were solved
again based on a lower inlet temperature of 1900 K, ith the Mach number and
pressure remaining at 1.2 and 2.5 atm, respectively. Boron particles were ejected
it, the same manner as discussed above, with 2.5 micron radius, 0.03 initial oxide
thicknezs, and 900 K initial temperature. The new freestream conditions resulted
in a decrease to 69% in the number of ignited particles, with a slight increase of
0.04 ms in the ignition time. The particles most frequently ignited at the station
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5.25 cm from the front edge of the sample. This location is 1.75 cm downstream
from the results of the baseline case at the higher inlet temperature of 2000 K. The
slower ignition response is primarily due to increased convective heat loss caused by
the 100 K cooler surroundings when the particle temperature rises above the gas-
phase temperature. Results from this calculation are plotted in Fig. 12, where a
noticeable decrease in the percent ignited is shown in comnarison with the baseline
case. Another. ca.s. wi•.h lower freestream pressure of 1.5 atm was calculated, with
all other conditions the same as the baseline. Similar effects on the ignition results
are evident. The poorer performance stems from the decline in freeettearn pressure
which decreases thc ox-y•en partial pressure and the flame temperature, resulting
in a delayed ignition of the particle.

90 M I -A -A T',- 2000 K, p 2 2.5 at=

ý 0 -0 T,, 2000 K, pwm 1.5 at=
80- M--8 T.= 1900 K. 2.5 arn

150 1
10 / 01
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FIGURE 12. Effect of Freestream Conditions on Ignition Percentage at Three
Axial Stations
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Results discussed in this work show that the minimization of ignition time can be
accomplished by optimizing the environmental conditions at certain periods dur-
ing the ignition process. King (1982b) originally suggested such a scenario which
involved the initial heatup andremoval of the oxide layer in a mixed H20/N 2 atmo-
sphere, then exposure to an O2/N,1 environment for melting and complete iptnition.
in this manner, the buildup of the oxide layer during the heatup process kas evi-
denced in Fig. 5) can be avoided, and ignition can occur sooner. A similar scenario
is presented here. With the initial heatup occurring in the fuel-rich mixture below
the reaction zone, boron particles avoid oxide layer build-up as they are ejected
into the reacting boundary layer. Since the particles do not ignite or burn within
the fuel-rich layer, the near-surface region heats the particle and removes the oxide
layer, so that the particles achieve thermal runaway immediately upon contact with
the oxidizer. When this occurs, the ignition delay time is governed by the residence
time required for the particles to travel from the sample surface to the region where
sufficient oxidizers exist. Otherwise, if the oxide layer is not completely removed
before the particle contacts oxygen, ignition delay time wil be prolonged; thereby
reducing the chances for achieving a high combustion efficiency.

5. CONCLUSIONS

The ignition processes of boron particles above a burning solid fuel were studied by
numerical solution of a comprehensive theoretical model. The effects of particle size
on the ignition times and locations of the particles were determined. Under certain
operating conditions, an optimum particle size can be attained for minimizing ig-
rition delay times. The study also showed that the solid-fuel ramjet provides an
ideal environment for reducing ignition delay times by staging the ignition process.
In this manner, ignition occurs in a very short time period, allowing ample time for
complete combustion of the particle.

The effect:, of ambient conditions on the particle ignition times were also investi-
gated. Lower freestream temperatures delayed ignition because of reduced heating
of the particles. Lower pressures iucreased ignition delay times because of a de-
creased oxygen partial pressure for exothermic reactions.
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NOMENCLATURE

A = Pre-exponential factor
CD = Drag coefficient
C, = Molar concentration of spec_ i
c = Constant pressure specific heat
ep = Turbulence constant

= Binary diffusion coefficient
Di.a = Effective diffusivity of species i againsL mixture
e = Total stored energy
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E = Activation energy
f = Fraction of boron particle melted
g = Gravitational acceleration
h = Convective heat transfer coefficient
hi = Enthalpy of species i
ho = Heat of formation
k = Turbulent kinetic energy
kef = Effective thermal conductivity
L = Length of combustion chamber
Le -= Characteristic size of turbulent eddy
A = Molecular weight of species i
N = Total number of species
p = Pressure
q = Heat flux
qrad =- Radiative heat flux
Q1 = Energy released in reaction of boron and oxygen
Q2 Energy absorbed in water vapor/boroL oxide reaction
Q3 = Energy absorbed in evaporation of boron cde
rb = Burning rate of solid fuel

r Boron particle radius
1iB = Molar consumption rate of boron
Rv = Molar consumption rate of boron oxide by evaporation
RH = Molar consumption rate of boron oxide by reaction with water vapor
RU = Universal gas constant
t = Time
t, = Eddy lifetime

= Transit time of particle in eddy
T•. = Surface temperature
TUr -= Surroundings temperature
T,..f = Ternperature of solid fuel at reference state

Solid fuel temperature at Yi = -•o
u = Velocity in x direction
Ui = Diffusion velocity in x direction
I = Velocity in y direction
T/i = Diffusion velocity in y direction
z = Coordinate in axial direction
X = Boron oxide layer thickness
Xi = Mole Lfaction of species i
!Y = Coordinate normal to fuel surface
Yi = Mass fraction of species i

Greek Symbols
cc = Boron oxide evaporation coefficient
d = Eddy dissipation rate
d = E Emiiivity of boron
A = Thermal conductivity
p = Viscosity
,Peff = Effective viscosity

p = Density
01 = Stefan-Bolzzmann constant
" = Visco'yw shear

Wi = Rate of production of spe -ies i
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Subscripts
B = Boron
fu = Fuel species
9 = Gas phase
p = particle
£ = Solid phase

Superscripts
T = Transpose

"= Favre-averaged quantities
- = Time-averaged quantities
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Abstrac

e = Emissivity
The comiustson of solid fuels under supersonic crosflow hb been p = Viscosity

studied using a comprehensive numerical analysis. The formulation in u.1f = Effective viscosity
based on the time-dependent multi-dimenuioiuI romp-.tible Navier- p = Density
Sto.es equations and species transport equations. Features of this a,- 01 = Stefan-Boltzmann constant
proach are the consideration of finite-rate chemical kinetics and variable r = Viscous shear
properties. Turbulence closure i, achieved using the Baldwin-Lomax al- c&i = Rate of production of species i
gebraic modei. The governing equations are solved num-iically usLng a
flux-vector splitting Lower-Upper Symmetric Seccessive Overrelaxation Subscripts
technique that treats source termJ implicitly. The r.fcct of Jvawious op. fu = Fuel s-._cies
erating conditions tn the combustion behavior of the HTPB-ba.ed solid I = Gas phase
fuel samples are trt &ted in detail. Result* indicate that both the inlet a = SolM phase
temperature and pressure have strong influences on the burning rate
of the fuel sample. For the operating range considered, an optiamun Superscripts
pressure is required to maxnrnae tha burring rate. The sample burns T = "Isnspow
increasingly faster with pressure from one to four atmospheres. How. - F=evre-averaged quantities
ever, at a higher pressure, th, energy released by combustion is aot = Time-averaged quantities
sufficient to further raise the temperature of the crosaflo This results
in a decrease in heat feedback to the fuel sample, consequently causing
a slight reversal of the burning rate trend with pressure.

NomSncllture In the modern dlevelopment of airbreathing propulsion systems foe
hsypersonic vehicles, attention is often focused on the supersonic com.
bation ramjet (commonly known as scranijet) dw to ita effectivenem

A = Pre-exponential factor in capturing the incoming Alr with suffiient pressure reencery. Once
C, = Molar concentration of species i onmpr Id, the air abies and burns with fuel, then the combustioa
C, = Constant pressure specific heat products are accelerated through an exhaust n<,ale th generate thrust.
Di -= Binary diffusion coefficient The principle of the scrandet and solid propellaht rocket ", tor may
Dim = Effective diffusivity of species i against mixture be linked in sequence to form an idtegpl rocket-ramjet (IRR), as
e = Total stored energy shown schematically in Fig. 1. This design is particularly attractive
E = Activation energy for its low-volume configuration, since the rocket and scra' et m._.e
h = Enthalpy utilize a &common combustion chamber. In addition, the 'ehicle avoids a
h" = Heat of formation wsight penalty saseisoate with carrying oxidant.. drring the airbreath-
k = Thermal conductivity iag phase, and consequently provide a higher specif; irmpulse sad
kell = Effective thermal conductivity lons"r fight range.
L = Length of fuel sample
A, = Molecular weight of species i
N = Total number of species FE.JtIEt rACTAILI
p = Pressure FORT C RS ROCGKET NWOZZ
q = Heat flux INLETSHUO
q,04 = Radiative heat flux

= Burning rate of solid fuel
= Universal go constant

T,. = Surface temperature
= Temperature of solid fuel at reference state

T. = Solid fuel temperature at y = -o"
W = Velocity in x direction (s) 1I0ST Pw**( COWGIGURATION
A4  = Diffusion velocity in x direction
9 = Velocity in y direction

"V4  = Diffusion velocity in y direction
z = Coordinate in axial direction
X, = Mole fraction of species i
iy = Coordinate normal to fuel surface
Y, Mass fraction of speciesm Z

I Ph. D. Student, Member AIAA (II DUAL- MOQ RAMAT cwjot'RlON
SAsistant Profess z, Member AIAA

"Ditingaished Alumni Proeassor of Mechanical Engineering,
Associate Fellow AIAA Figur I. c c( •tepa Rko-Rant

"--Wilg Et GIC by Tari-s A. J-rymowyca. Published by American
Institute of Aeronauti•cs and Astronautics. Inc. with permission."
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The acrarjet engmne can he powered by either solid or UquW fuels. 2. Theoretical F -rMufation
The use of solid fuel greatly simplifies the sfstam design and elimiinaes
problems associated with fuel storage and feeding mechanisms. In ad-
dition, highly energetic additives such as boron or metsdixed powdersc
may considerably increase the energy density of a solid fuel beyond tha "he physical geometry considered in the artaysis is shown in Fig.

of a liquid fuel, thereby makting it particularly attractive for volume. 2. A uniform supersonic air flow enters a two.dhiensioroal chamber

lirmtedmissions. The purpose of this work io to study numeri.a.ly in which a solid fuel sample pyrolyzes and rceacts with the tam ait in

the physical and cherrucal processes involved in 1he supersonic combus- the gas phase. To facilitate formulation, the processes in the gas and

tion of solid fuels and link these phenomena with experimental resus- solid phases are treated separately. They are linked together thtough

discussed in companion papers. 2 . the balance of mass and energy fluxes &t% the ga,/solid interface. In
order to achieve steady.state conditions in the gas phase and a& the

Several works have been devoted to the combustion of solid fuels fuel bondary, the fuel is fed at a rate rb equal to the burning rate,

under low Mach-number flow conditions. In References 4 and 5, prelim- which keeps the surface of the burning sample stationary.
inary results were summarized on the combustion processes in solid-fuel
rarijet., including the effects of conFguration vauiabl.•s and operating
conditions on combustion performance. Schulte' studied flame stabi-
liuation in an experimental ramjet motor and determined flame holding
limits based on various ratios of fuel port area to noszle throat area,
and fuel port area to flame holder area. Flame hold.,g was improved
by increasing these area ratios and by raising the ram air tempra- Mm > I
ture. In addition, an increase in inlet air temperature enhanced the OXIDIZER
retescion rate of polyethylene solid ,uel to a greater extent than did
the ai: mass flux and chamber pressure Netzer a.jd Gaiy? made sim-
:lar observations regarding flame stibilization limuts and burning rate
dependencies using a miniaturized solid fuel ramjet.

Gany and N,'tzerd studied the combustion of highly metallized,
boron containing solid fuels under low Mach-number flow conditions.
They observed that the supply of oxygeit plays a signi~icant role in
the heterogeneous reactions. The decomposing binder ejects heated y
pericles into thz croasflow where they react with oxygen., and sube*- A
quently ignite and burn. 'The presence of oxygen in the near-surface _X.
eepon could affect the lifetime of the.e particles, depending on how
long they remain near the curface and to what extent they are heated
bet'ore sect ion occurs. RFecently, Scott and Netzer' studied the effect
of fuel ingredients on the combuntion behavior. noting that metallized SOLID FUEL
fuels require higher preures and longer residence times to achieve bet-
ter combustiorn effiieay. It: addition, fuels with los"er shore ihr yyle
'ould be ignited more easily. Figure 2. Phpeical Geometry of Two.Dimensional

Attempts to investigate the combustion of solid fuels under tran- Combustion Chamber

sonic and supersonic croasflows were made by Snyder P.t al.2 Results
iridicated that conventional hldlotowbon fuels .uch as hydroxyl termi-
nated polybutidiene ('RTPB) -te difficult to ignite at low pressure. Ga - Phbas Analyis
However, this situ,.tion can be improved significantly with the use
of an energetic copolymer such as 3,,-bis (laidoenethyl] oxetane and Thb' gat phase analysis is based on the Favre-areraget conwr.,

3-nitratometSyl 3-m•rthyl oxetate (BAMO/NMMO), which is fradily tion equations of ma", momentum, energy, and species transport foea
ignitable because of its lower heat of decomposition and availability multicompnaent system in Cartesian coordinates. They can be written
of orygen in the condensed ph.se. Observations from strand bumer conveniently in the vector formt-ital° also revealed that. boron/poly (BAMfOINNMO) haa a.n adval.•

ta- over conventional HTP16 based solid fuels. since it pyrolyzes vig. 8Q DE OF 0
,ou~sly and disperi boron particles effectively into the main reaction "+ a- + a = 8 + L-- + H

z.one. 
2 a 9T v

Since the experimental study of solid fuel combustion under suptr- where
sonic conditions has been performed only on a very limited basit," the
present research sheds some light oz the feasibility of solid-fuel scrarmet Q - , p~i, P,/, h,]r
pi'opulsion. The specific objecti-ves of this paper are: Q A paJ

I. to inestigate the detailed flownelds and flame structures P .

involved in the combustion of solid fuels in a supersonic flow F m [-i- , PP + P, 0(w + 0), •'j
environment;

2. to determine the burning rats of the fuel samples under various
conditions; F, [,c, ' mt1 + ~

3. to examine the effects of the freestream conditions (specifically
pressuru and temperature) on the pyrolysis and combustiot H- [0, 0, 0, ,i.
characteristics of the fuel samples.

for i -1,2,... N -I, with N bering the total n~smber of species coneid-
In what follows, a comprehensive theoretical formulation of the mI1. The2 d...N -1witrh Nb Eig, ad F. nar defined as

combustion of homogeneous solid fuels under supermnic cre•afow coa-
ditiont ti given, follow- d by a description of the numerical algorithm.
At a specific example, the combustion behavior of pure HTPB fuel N= 2p.11 -.- -,---4 - (2)
"samples is treated in depth. The situation involving two-phase flow* at 3 at 8Yn
will be diseuufed in future wo-k. = P + (3)
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8i; 2 (L + 0 6 constants. Integation c 'q. (11) yields the stesay-ctate temperature
fl 2p O 3 + 8 (4) diributioc at a given axial locatioa in the solid phase. •

+ " (5) T. = T. + (T.. - T.)zp V) (12)

S= -k 1 a + ,, , (6) Boundain Coaditions

where Le and V' stand for the diffusion velocities and are dete.rmined by The heaz and mnum transfez processes Letwen gas and condensed
Fick's law. The effective tranmport properties, pq, and k11j, contain phases must be matched at the fuel surface to provide the necessary
contributions from both the laminar and turbulent diffusion proceses. iaterface coaditiots for both the gas and cordensed phase. This pro-
A full account is taken of the variation of specific beat with tempera -cedure will eventual~y determine the tempesrture, regression tate, sad
ttre, giving the static enthalpy as lollows: species coocentrations at the surface. With som• streightforward ma-

nipulation, the matching conditioas are givev ad foilows

h, = er cr+ d lT . (7) MM

where h;., is the enthalpy of formation. Corieqiently, the total inter- Pt-* =POY+ (13)
ne! energy e becor•es

e= YH - p +I
e A (U2 .4. (8) Species Mass Fkrbction

Finally, the equation of state determines the preslure from the temper- p~rtY =,v. = i A. (14)

&ture. density, and speces mass fractions.

., = P'..?.'

The bina:y mau diffusivity is determined using bhe Chapman- ' +dT"
Enskog theory along with the Lennard-Joies intermolecular potentia&- -4, -I + ,,( .T A"T a) =
energy '.unctinns.1 The effective diffugivity is then calculated through
the following formula." k " I+ '0. Yu A e•a t• -

Or ' + , . Y1 O-

where '+* and -- represent topecti,-ly the zon-i.ooo inwiediWAly
where X, is the molar frztion of species i. above ald below the surface. The pytyayrs,:e ofwird Ilsel is evalae-d

Thermodynrmuc and other transport properties of each co.stituet using a scroth-order Arthenins rypremico.
secies aue evalua-.ed using fourth-order polynomials -f temperature13

which are v-Jid for the range from 300 to 5000 K. Fom a mixture, speciAc =A, -E(
beA is deteranwue by ai mass-conceAttatiot w,;ghiug of eac,, ,-0. =rT..
but viscosity and thermal condtvctivity are calculated Aing Wilke'sniucing tuic.14 whem A, is the pr&-expontia: factor. p. the Iicul density, E. theaci"vation energy, and TZ the surfac; temperature. aiiat bea" trawnfr

to the surface due to ealision from the gas-phens is Agculaued using a
Condened - hue Anlyst*Stelal-BOltmU214,1 Mtlatton in termsa oftho• sveraged pa•-phase templers-

Condensed - Phtse Anal-ga emsivity e. is emated u, tg a method devltpd
bY flottel. ts and is a function of tbx spetcs~ tmal frictions. gas-phaft

Y we ignore the sulk motion. subsurface chemical reaction. *ad temptralure, presule, and mean beam lensth.
-reiu shermal diffission, the equatiot goeruning the condensed-phae The s at the upstream bouen.sy W eipemralo with pro-specifiedprocft# reduces to a one-dimensioual heat conductior equation for esi , premure, Mach aorr.e. and e hmi fraction. Thu
axial station. Uuder c.ady-state condl"tins, tlis ..quation takes the tmetureiFIRIM Marned t n &peio m i n fraction To
f~tM islkt ftle Zity prIA& is assued to Ill uniform to th y-diretiottt with so

verltical velocity •-.7rocet. Since thbe fiw at -bet downsltream bouilct-

MY is al soperoonic Ieept for a m i region on..w the surfue, all o

(Z Z ' I)+ 0 (1 the exit .oinditio ns art extrapolated (rom their amuterp azts within the-y d combustior, ..hambet. Howtvwr. the sitki prenur may be speciKd
for the slibisnic region of the bowzdar7, Iy--r. The *~per boundary a

subJ•:t to the bounda.ry condiutcna tate~n to be a line of symmnetry. "j'btftrm. the mtu,,j vclocity con!•-
Sa and t• derivadiv" of sdl the othe dltreadit vasiableam u the
boundary am set to sm. to stdeitionl. the noslip .;tdition is empk~jvd

T., = T". as 1-- 0 -cAs the fuo-I samnpk. The pet, t- at the surfwFx al Or filet seraph is
T, = T.,. at It:0 determiuai by the y-momentun -*uAtu.'m. VVIRSi

-,riht shz vbsLcre., Ve denot" the propteia of the tolid phtee. Sin" L•iL, -- *a
OKl thermobl4,pl...wi orop~ti'uzsl of remt W~id luw6 li axg w.ell chlim, y ay
smrizad• waht relpt-ct tLO temperaturet, tbelll proper.tml sr* tret.-lt Wl
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fluD~LM2.4da scalar diagonal inversion of the Blow equatiocis and & diagona block

inversion for th; species equagtios. Comsquentdy, it has an operatiol
The Beldwin-Lomax algebraic model 1a along with constant tur- count eoAparable to explicit scheme in addition to a fast convergenc

hulent Prandtl and Schmidt numbers (Pro= See= 0.9) are chosen to rate, thereby saving a considerable amount of CPU time. Futthermore,
a chieve the turbulence c!osure because of their computational efficiency the scheme can be fully vectoeized.
and simplicity. This algebraic model solves for the turbulent eddy via- To improve numerical efficiency and accuracy, the govening equa-
cosaty using the Prandtf-Van Driest formulatiov and the local vorticity tiona in Cartesian coordiaita are transformed to generalized coordi-
distribution for the nest-wall and outer regions, respectively. nt a follows.

Gas - Phase Combustion Model f(xy) and ri = q (x. y) (222)

For combustion of gaseous hydrocarbon fuels with oxygen, West- T1e tranformatica is chosen so that the $rid spacing in the compjt&.
brook and Dryer"' suggested a simplified two-step reaction mechanism titnal domain is uniform and of unit length, i.e, .i and n=l IlThe
that reasonably predicts reaction rates for a large number of hydrocar- governing equation then takes the following form.
boas over a wide range of equivalence ratios and pressures.

C.H. + , + 2) o, - ,,co+ 2 O (18) at or Op 8,
O +(9 where the new dependent variables 40. k, P, etc. are the transformed

CO + 2 CO (1w) vectors in generalized coordinates. The invipcid flux and source vectors
are treated implicitly. giving

This two-step mechanism is adopted without the reverse reaction of Eq.
(!9) since its reaction rate is slwer than the forward reation by az OQ B+ | +5" + +-k (24)
orders of magnitude. s•ad has little effect on the o l.ral kinetics in light o-f +31 at all
of the short residence time of the flowfield. Equations (18) and (19) where ts+l denotes the new time level, and a the present time level.
are satisfactory expressions for the gai.ph-se reactions, provided the
flame temperature as not high enough to promote dissociation to free For esmplacity, the diffusion vectors E and P. are solved explicitly.
radical species such as H, 0, and OH. For Samni temperatures beycnd Linearizian the invicid flux vectors #and source te.,.. reveals the
3000 K. a multi-step mechanism will 6e recommended to account for ,Abian matrices ii, 0' * which ate represoted by A. S, and
dissociation. D. respttively. Substitution into Eq. (24) yields

The production tates of the species are ' -" + At ( ±A -!

-M onA co ezp R, -T 4 , (20) kot f=i ,-•ll

and 0V W t th , OF,

awco = nMcoAn ( tetpe whoue R is th e raeidal sad I the folntI t e Aatrix

Equation (25 can be solved by dimrtly inverting the lagc block
-McoAc er (d 40h , ct (21) beaded mauiro the leit-hand aide; bOewm, this wouli be inef-

w,.T Its pout rate equiresa, great c, -pte-atiooul effor t. koloteis, a oower-u)per
(LU) esrtuded implicit schemse devpeloed by Yoo, end Jame.ca.at is

where the subscrept fu rep ents the fuel species, and the factors a emplyed. In this meahod, the Jzcohian matrices A and B we split
and h are dependent on the type of uel seie s considered. The suc e 8*l that tir eigeavulum we poatlve foe the A+ and B+ matriies

aserr for each of the remaining speckes are simnilarly determined. Nitro sand aegative for the A- and 13 matrices. Thete samtimay wsys in
ge is also considered ince air as the oxbdizer; however, it is trebAed inert cWhi this splitting can be accomplishtd. One potsiility which in.

A (A + Y€A,.) A - = 1-(A - &,.Ar)
withui or oDuct Numeract l Simulation (DNS). F.n -1 DNS methods re t 2
srti' .- n eeatlyostage o ndevapgeraeandpturbulentcorbtin Modgl where vt ispecie th1or e1-ltotbe amum tvueoftheA
wito finit -rate chemd.try we not avible, the aecto o! turbulene on J&Cbl&A MlttiX (A ('%). k, I>a I([AT) D SMIJUIN SON is Chosen Sea
chemistry ah e not considered in this stud, multiplic(aAt). Equation (be)itweobtn! wieh Dc andiDt

so bacwad direreace operators for m.ices with pocitius eigvalues
sad ODa+nd D_ as forward ditaeeace operators Lee mstrices with

A .- V rcen i s le hadm om1-positive eigeavaiues.

The theoretical formulation is solved using a aumrwsl ,s cheme (D *A.+DJ A-+ -"r+ o:. - o)IeO- iR (2?)
based on the Lowor.Upper Symmetric Succsmsi Overrl-,sZtin
(LU-SSOR) techniquve."t-3 This scheme solves the two- oe thijs This equation may be faclorised usi•sg the reltinnAw
dimensional Navie-.Stoles eqveýftac and specie transport equa A* - = * - =
by ,nean of the finite %olume approach. it has proven to b,. very o. A -
bust and efficieunt 'or uighly reactive systems such as the cornbustiorvAA (A "of hydrogen andooxygn. Thoealgithmwu .Cio+alyvjdated=.r -+- I
supersonic mixing and reacting flows by comparing predicted rtsuts
with both experimental results and other nueriecal c••lctioQ,.$1 to Siva

The advantage ofthe LU-SSOR technique lie in the manner at + A ( DI-A+D+D, B+ - --.L-L - D) -
solving chemical source terms implicitly with inviidd flua s. Moat tC
other implicit Wbcemes require the invasioa of block.bnmdtt d mar[ces

for thenWire set of equation&,butte U meth od ) +](*A-+DeB-+-j+-- -s-AIR M2)



TAking the limit ini which 49-oo, the finul versiou of the Sovemring the entrance due to the abrupt deceleration of the flow &t t4e surface to 173
equation is obtained satisfy the no-slip condition. This deceleration enhances ttmperstur.t

recovery and heat transfer at the surface. immediately downstream
ofthe entrance, the temperature plot shows a sere If cion~ely spacd

AtG~ -t RI (29 contours, indicatin&, the leadinS. edge ct the fis4re with a 'miximum
[DIAGIJA - Aq + 1 2a temperature of almost 2500 K. 'Lhe heat released by chenu'a; react.-ons

r .~ causes awoter obliquc abock wave originating from ;the flamne lone,
! -- + !I±S I+ý S 29b=)8 which is evidenced in Fig. 3c. This wave traver1 -upward to the htc of

R' A( AQ symmetry and meets a similar wave coming do-.n fro. th6 upper half
- of the chamber. The right-running wave ther. reflccts off the bottom

Where surface, moves upward again and Scrtaily rxits tne chtrnber. These
refcte waescajaie the fluctuating Mach-number contourr, shown i

Fig. 3U. As the flow crosses this *hock attuctazre. it first dzvelerat~es by

.rDJAGjj = LA + !L I-DIo asn through areflecte-d cmrbinwv.tc ceritsthrough
K44 Aqj j,) an expansion caused by the distributed reaction zone near the surfacet.

The mass f. ictions of but&41ent and oxygen axe presented in Fig
Ecuation (29a) is solved by forward marching since the left-hand 4. Ther.4 plots show unly the bottom sixth of the chamber (y = 0 5 cm)

side is lower bidiagonal, then Eq. (29b) ts solved by backward matching The fuel species are generated fro).1 the snrnple surfac.! then diuffus to-
.o complete one iteration. The inversion irethod for Eq. (29a) can be ward the frenstream to mix and burn with oxygeni At the iniet to the
simplified to some extent because only tIe lowe: figh*. corner of D is cheeber, the oxygen is uniformly distributed with a mass fraction of
fion-sero. A scalar diagonal inversion is apviled to the fret four flow 0.23. It is then consurnot-i by the chemical reaction which ;encrates a
equations and a blckc~ diagonal matrix inversion is perf-wrmed on the msxirmum damne ttmperature of 2500 K. Tht Rflsrrs temperaturz dirnz-
species equations. iahz diownstream because of heat transfer back to the fuel !,ample and

a reduction in chemical reactions caused by a.a oxygen aefic-ency at
the fuel surface. The maximum tempierature rat each axial station oc-
curs in a region where mass fractions of oxygen and butadiene air neaw

4 Discussion of Results staichiomnetric. The temperature tht-t drops oft front Lt'irt region due
to fuel-rich conditions toward the surface and c'eygen-rich conditions
toward the freestreamn The vertical location of maximum temperstutt

Calculatiors were performed with HTPB (hydroxyl terrmninied is dettermuned by the Pate of diffusion and blowing of pyrclyzed fuel- ricn
polybutitdiene) solid fuel samples located along the bottom surface co guns into the eroaaflow. finally. the species distributions show incomn-

aI2-D chamber with an inlet height of 3.175 cm and a length of 11.24 plete cocisumption of butadiene at the exit among with the .omplete
cm, as 3hown in 7ig, 2. ThA sample spans 7.82 cm along the lower consumprtion of oxygen near the surface, which suggesitt that further
boucdazy of the chamber, thus allowing *pace for adequete mixinig entrautmeat of oxygen or pprhaps bettzr mnixing between the feel arid
and chemical reactions down.'tream of the fuel. BTPE was chosen for oxidixer wRIi improve combustion efficicrity.
this study sires it had been chawsterisati" for its wide use in cocapos-
its propellwjza, and it is an energetic binder comisicly fouiod in "od Figure 5 shows the burning reaw of U~7.PS fe the baseline care. At

fl.' In addition, a companion experimental wok is coducted tlhe inkt. the leading edge of the fuel sample experwieces the temsera-
with ETPEI-based fuels3 under supersonic ctedlow coettlitiow. tutu: reccivey and enhanced heat transfer dime to the abrupt decelera'~on

o( 9ha flow, roulting in a burning rate slightly higher than aucceedtng
Tc facilitate the gas phase analysis, it is assumed that blitadiene locatic-s along the sample. Immediately downstream of tc.,e inlet is a

(04116~) is the only product released from the fuel Suffare. This simPli- larip peak with a burning rate of 1.13 mmi/sec: and surface t-mperature
4.scstion is jus~ified for the following reasons. 'First, vinytcyclobexese. of IW~O K. This is a ~esult of the intense convective and rajiative beat
:be second-iuiot abundant pyrolysis product, 24 ." can be adequately feedback from the fawne to the fuel surface. As the flurane tempera-
represented by butadiene, since the monomet and dinner have similar ture deacrase dowastream, the beat transer to the told boundary is
Molecular Stru.-Liire and kinetic paramtners. Second, the m'ajority of reduced, tresulting: in a decaying profile of the burning kuI..
hydriocatbonts tabulated in Ref. 17 have equal activation energk-, a310
onl a slight variation ;Q pea-exponentia fac-tor. Thus the consideration A plot of tirface pressure is shown in Fig. 8. The fint two
o( additional fuel species would not alter the iinetic behavior of the Sas peaks in this cumt- are due to the inlet ahock and bunirnrg phenomenon
phase. Fine'.1y, in the limit of fast kinetics with respect to the difltsion mentioned nareviously. After passage of 'the accord peaki, the pressure
process, one hydr i. wrhoa may be sufficient to represent the fuel spcis abruptly decreases, then tn,:eýame slowly along the length of the fuel
and additionial hydrocarbons wou~ld not change the fun$ aietal chat. caxpie from x = .020 to z = .075 m. The slight pressure rise can
aictristics of the sample. With the two-.te reaction mechanism of bi expilairted qualltakivcly by coomparrig this situation to a constant-
Eqs. (18) sand (19), the gas phase contains si specim C4Hs. 01, Co. am tube with supersonic flow and heat .idaitwo (by .-zternti tmean
130.0:, and N~.The rate cntants for thwe reactions wegi~ or chemitcal reactson), in which 4, similar presiture tnicresrIt occurs along

in Oef. 17ad11. pn theLzgth ofthe tube Finally, the third peak in ta- curve results. from
the reflected ubkiut. shock wave and subsequent expanson evident in

Eaih calculation employed a 120x80 grid. The numerical pid was Fij. Xc
uniioen, in the luneisonaW directiu anth a spacing of 0129 cmn Since In order to tudy the effect of freestream conditions on the burning
m&any irmportanit physical platiseie ocruir is the region iffffedsY characteristicit of the samiple, calculations wer alic carried out vith dilf
shoft the saimple surf Aw the numegrical gSid was clustered vertialy (ana preaeter and yrmirature. Figures N wtan 7b show t4.e results
wear the surface with the smnallast grid being 45 microns ia height. For for an inlet pressure of five atmospheres, with otht! conditioas remain-

e4ah CC. .putti0.ao, the total Man81rl S o fathe MM ai lr4 "Zd ing the sarne as the ba.eline case. Compared to the haseline eafe, the
fue was conserved to within 0.1% at the exit. The schem teiquired dawe-ficot as air~ed sUghtly upstriram with a ishom e stanid-off dirsance
uppittaxmmtely 4^7 owe ot CPU time per iteawiion per grid point a* a from the fuel uiurfac. Furtemoeihe maiuelz' lepeztr

CrayY-MPmachneis increased Ly M5 K. The shift in the llaafrone- t locatitan aid the
Figure 3 shows the contour plca fin Mach number, ternnnrature decrease in stand-ri distance arn due to lb increasiog gwaphs~ few,

and presure f64 the baseline case with a intlet Mdscl number of 2, an t04tatm with present. wheras tbe rise it, flyn te'npevature can be
"ine ttic temperautue of 1400 K, a"d an inle sts'~c pressure of I at"jbuted to the five4old inctrease in od-Sisri par~al p.assure Because

aMow'11eft. The Maclimumk: contours afe iecrementad by 0.1, t~m amc oxyrger was supplied to the corr~kuttiun ckamber fa: rosatton, the
perture contours by 106 X, and pruesntir cootouti by 0.02 ascm. These exit teusperatrue seb the surfacit has also, interasea by approxarnastely
figuseoaly show_ the bottomn third of the conhuotion chA.,er and have 2S0 K. In addition to the fatter kinetics. the burning rate of the solid
been magnifitd in the y-dmetioa by a factor of" owut res,3lve th gw fu6M has incrased conairarably sires the flamec ý at a higher tempera-
Aad-rsitzs reslit tbe suirface. In FWg 3a., a reak inlet :hoch occurs at t'-re and is lenste to the bmtniday, c*Asing the radisti*e and con~vctie-
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beat fecodback to increrise Signi~cr~ucl. The clurv &hown in Fig. a has more oxidizer is available for reaction with the fuel-rich region atsa 77
a peak burning rate of 1.55 mm/eec, nearly 4063 higher than that in the ourface. A su4*equent rise in flame temperature initensifies heat
the baselie case. transfer to tlv¶ surface and increases the burning rate. Second, the

gao-phase reaction rates ate juroportioonsi to the 1.75 power of pr.saure
and have a profound effect on the flame thickne-s. At low pressures,
kinetic rates are relatively slow with regard to th-, diffusion and mix-
ing processes of the fuel and oxidizer, so the two species may, overlap
to form a widely distributed reaction :one. Hlowever. athigher pres-
suret the kinetic rates are freat enough for the fuel and oxidizer to react

2.00 - upon contact, thereby collapsing the re -. tion %one t.o a thin sheeL and2.0 increasing the local heat of reaction, the flame temperature. and the
0 , subsequent radiative and convective heat trusise; rates to the fue! sur.

ýSOUDFUEL-t--NERTPUTfac(". Finally, the molecular diffusion raue of fuel species decreasef. with
SCUDFU~L.-f--lNRT L4Th-.j an increase in pressure. thereby bringing the flL1ze ck-ser to the surfroce

S 1.50 and in..reasing the burning rate of the solid fnel. This effect may only
be oecoudary, since other processes such astorbulence and blowing also
goverzn the glame stand-off height.
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A calculation -nith in incressed inlet temperature at 1i00 K wa /

a4s0 perforMe. Results foe this came wMalre iiar to the previous cal-
mulation writh a Ligher pressure, in which the dusme-front was shifted
upstream due to enhanced chen'iita reaction rates at elevated pre~ume
Compaed to -he baseline cae, the maximum flame temperature in- Figure 9. Axial Distribution of the Burning RAkte Paramreter
r-reased by nearly 400 K, corresponding to the 400 K rise in the inlet
temperature. On the average, the burning -ate of the solid fuel in-
Creased by 15% along the length of the sample because of the higher
dlame. temperature anýi intenzified heat transfer from the Buame to the
Xunice. 1.0

Increased inlet temperature and pressure have shown to enhance
the regression rate of the fue! samrple. To further atom the effeict..
of these freestream vwahiae on the combustion bavrofteold0.80
fuel, a burning rate parameter r* has been esteblished for comparisonis
amiong cases. This pararneter is formulated so that its value remains
constant along the length of the sample, sta..*ting from the axial position V 0.6
of the leading edge of the flame to the downstream end of the fNOe. It
is evaluated by miultiplying the burning rate of the tiample by a local 2 0
dimensionless parametkr, namely 0.4 ________

T, = 1400K
L) (30) - 0.2 To - 1800K

whore z is the axial distance from the inlet, L the total length of th 0.-0---t*t-- I
fuel s"Itle and 4., the 1,xal solid fuel burning gaze -)( tUe sample.
The exponezuto(j was caametoogive tu leastvariation in q salong 0.0 1.0 2.0 3.0 4.0 5.0
the length of the samo's. The axi4 distribution or -.j is presented ia
FI&. 9 for various presures and is ehosra to be nearly constant. jhu at
burning tate parameter was then platted versus pressure for two differ-
ent inlet temperatures, giviag the realt shown in Fig. 10. The buttrmni
rate increases with preseure foe sevetal reasons. First. the m*Wolw an
Cantration of oxygen ;n the theetream increases with inlet pressiam, so Figure 10. Vatiatioa of Burziin; Raw. Fstsmetet with Nresurt
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regrsaiio rate on ambient pressure and temperatutt can be exptesed
by a empirical powe: law.
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EFFECT OF MAGNESIUM-COATED BORON PARTICLES ON BURNING
CHARACTERISTICS OF SOLID FUELS IN HIGH-SPEED CROSSFLOWS

K. K. Pace, T.A. Jarymowycz, V. Yang, and K. K. Kuo
Department of Mechanical Engineering
The Pennsylvania State University
University Park PA 16802

ABSTRACT

An experimental investigation of the ignition and combustion phenomena of
boron-iaden solid fuels under high subsonic crossflows was conducted.
Hydroxyl-terminated polybutadiene (HTPB)-based fuels containing boron
particles with and without magnesium coatings were stud;ed using a real-time
x-ray radiography system and direct video. The effect of pressure, oxygen mass
fraction, and percent of magnesium coating on the regression rates of the solid
fuels was determined and burning rate correlation was obtained. At low
pressures (below 0.55 MPa), fuels with the magnesium-coated particles
experienced higher burning rates than those of the uncoated particles. This is
due to the reduction of ignitiaxi time of coated boron particles heated by the
surface reactions between magnesium and oxygen. However, at higher
pressures magnesium coating of the boron particles has diminishing effect on
the regression rates of the solid fuels. This trend is caused by the decrease in
the contribution of heat generation from surface reactions to the overall heat
feedback. The effect of boron type on solid-fuel combustion was also studied.
High purity boron with smaller particle size was found to give higher solid fuel
regression rates.

1. INTRODUCTION

Many experimental and theoretical studies have been conducted t%, investigate
the feasibility of boron particles as a so!id-fuel ingred;ent for air-breathing
propulsion systems, such as solid-luel ramjet engines and sclid-prope!ant
ducted rockets. The interest in boron stems from its high volumetric heating
value, which makes it an attractive fuel additive for volume-limited missions.
However, problems associated with ignition delay and combustion efficiency
often prevent boron parxicles from delivering their maximum, potential. An
understanding of boron combustion is necessy'to alleviate these problems
and to optimize the use of boron,

A study by Jarymowycz et al. (1990) showed that tre addition of up to 10%
boron particles by weight in HTPB-based fuels increases the burning rates by
approximately 10 percent, while further boroe, addition causes the reoression
rates to decrease. The increase in burning rates with the addition of sinai!



transfer back to the fuel surface, thereby increasing the regression rate of the 181

fuel. The decrease in performance with boron addition beyond 10% can be
attributed to several factors. Unreacted boron particlas in the gas phase can act
as a heat sink and reduce the gas-phase temperature; accumulation of boron
.particles on and above the sample surface can block the heat feedback to the
surface and thus reduce the surface pyrolysis; and the overall reduction of
HTPB in the solid fuel may decrease the amount of exothermic heat release
from the gas-phase reactions, thereby preventing complete combustion of the
boron particles. Pein et al. (1989) also studied the effects of boron addition on
HTPB-based solid fuel combustion and obtained similar results. They noticed
an increase in specific thrust and combustion efficiency with boron addition up
to 20 percent, and a reversal in this trend for boron addition beyond 20 percent.
The observations listed above for the burning rate trends can also be used to
describe the changes in specific thrust and efficiency with boron addition. The
reasons why the maximum performance levels occur at different boron
percentages for the two studies is unclear, but are most likely due to different
testing environments or data reduction procedures.

The study by Pein et al. also employed air swirl in the combustion chamber to
improve the combustion efficiencies of the boron-laden fuels. Without swirl the
maximum efficiency achieved was only 40 percent. However, with the addition
of air swir! this efficiency was increased to 60 percent. This improvement can
be attributed to enhanced mixing and increased particle residence times in the
combustion chamber, which ultimately result in higher temperatures and better
performance.

Poor combustion efficiency has also been encountered with boron fuels at low
pressures in afterburner applications. These problems have motivated studies
of ignition and combustion characteristics of individual boron particles. King
(1982) developed a single-particle model which described the removal of the
inhibiting boron-oxide (B203) layer surrounding the boron particle during the
ignition process. The ignition sequence allows for convective and radiative
heating/cooling of the particle, oxygen diffusion through the oxide layer for
exothermic reactions between boron and oxygen in the subsurface regions,
endothermic reactions between 82C2 and water vapor on the outer surface of
the particle, and cooling by evaporation. To achieve ignition, a sufficiently high
pan;Ole temperature must be reached such that the oxida layer is removed and
vigorous heterogeneous reactions between the boron and oxygen occur.
Ignition delay times were found to depend strongly on the paiticle size, oxide
layer thickness, and ambient conditions surrounding boron particles. Under thie
conditions studied by King, ignition times were reduced by raising the ambient
temperature, increasing the oxygen concentration, reducing the particle
diameter, and minimizing the initial oxide layer thickness.

According to Ch!ds et al. (1971) and Yuasa and Takeno (1982), magnesium
can be used in combination with borort in solid fuels to shorten ignition delay
times and improve combustion efficiency. Based upon Chen et al.(1 988),
although magnesium contains a lower heat of combustion than boron, its oxide
layer is thinner and more gas permeable, thus the ambient gases can diffuse
through to the magnesium more easily. This allows for more abundant
exotharmic reactions beneath the surface layer, providing shorter ignition delay
times. In addition, when used in conjunction with boron, magnesium can react
with 8203 to form elementary boron at high temperatures [Nemodruk and
Karalova (1989)]. This reaction (known as the "Muissan Process") may
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elementary boron is exposed to an oxidizing atmosphere sooner than it wouid
be under cases without magnesium. Thus, boron and magnesium part4 iclIs can
be used together to generate better performances.

A new Zec,,nique has recently been developed in which boron particles are
coated with magnesium [Criner and Kosowski (1990) and Calcote et al. (1990)].
In Criner and Kosowski's work, the coating is epplied before a substantial oxide
layer has formed on the boron. This method is proposed to be superior to
conventional mixing of boron and magnesium powders becausa the exothermic
reactions between the magnesium and oxidizer promote a fast increase in
particle temperature, and the initially thin B203 layer will be quickly removed
through reaction with the magnesium or evaporation. Preliminary observations
of the combustion of the boron particles with up to 30 weight percentage of
magnesium coating showed that the burning rates increased with magnesium
addition. The most significant improvement was found with 20% addition.

Amorphous boron powder can be manufactured and processed using several
different techniques. The method used can significantly affect the purity, particle
size, shape, and surface characteristics of the boron powder. Variation in these
physical and chemical poperties can influence the ignition and combustion
characteristics of the boron powders.

This study is part of an ongoing research effort to investigate ignition and
combustion characteristics of boron-containing solid fuels under high-speed
crossflows. The specific purpose of this study is to determine the effects of
magnesium coating on the combustion of boron-laden solid fuels. Experiments
were conducted to study the combustion characteristics of the solid fuels and to
determine their burning rates as a function of the percent loading of the
magnesium coating, as well as the freestream pressure, temperature, and
oxygen concentration. In addition, two different brands of uncoated boron
particles were tested.

2. EXPERIMENTAL APPROACH

2.1 Test Facility

An experimental study was conducted using a connected-pipe facility as shown
in the schematic diagram of Fig. I. The test rig receives compressed air from
two large storage tanks with a combined capacity of 72 cubic meters and a
maximum pressure of 4.9 MPa. Air from these two tanks is mixed and burned
with propane in the vitiator to achieve a high temperature in the settling
chamber. The hot gases then accelerate through a nozzle. Downstream of the
test section, an adjustable nozzle chokes the flow and controls the Mach
number in the test chamber. The facility is capable of providing vitiated air at a
high-velocity crossf low with a static pressure range of 0.1 to 0.62 MPa in the test
section, simulating the combustion chamber conditions of a hypersonic vehicle
at high altitudes. The maxim,,m flowrate attainable is 8 kg/s with a duration of
four minutes at the highest pressure.

Pressure and temperature measurements are taken at several locations: in the
settling chamber, upstream of the first nozzle, at the inlet of the combustion
chamber, and downstream of the solid fuel sample. Data are not taken in the
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Station

1 Air Storage Tank

2 Pneumatic Ball Valve

3 Vitiator

4 Settling Chamber
5 Converging-Diverging Nozzle

6 Test Section (Fuel Sample)

7 Downstream Adjustable Nozzle

Fig. 1 Schematic diagram of connected-pipe facility.

regions surrounding the fuel sample, since measurements in these locations
would interfere with the x-ray radiography and video systems. Steady flow
conditions are achieved by means of a feedback control loop between a
pneumatic ball valve in the air supply line and a pressure transducer in the
settling chamber, with a maximum fluctuation of 1 percent in the stagnation
pressure. Combustion chamber temperature and pressure are monitored at the
locations shown in Fig. 2. Temperature measurements are obtained using
R-type (platinum/platinum-1 3% rhodium) thermocouples. An IBM PC/AT
computer records all temperature and pressure measurements using a
Metrabyte DAS-1 6 high-speed data acquisition system.

The high-enthalpy flow enters the combustion chamber through a short and
straight rectangular inlet measuring 3.18 cm in height, 10.16 cm in width, and
10.8 cm in lengtn, as depicted in Fig. 2. This inlet flow has a Reynolds number
based on the inlet height of approximately 1 x 106 before passing over a
rearward-facing step into the test section. The solid fuel sample is placed
directly behind this step. The initial step height is kept constant at 1.27 cm for all
tests, creating a recirculation zone with sufficient dimensions for achieving
ignition and stable combustion of the fuel sample, and leaving adequate space
for boundary layer redevelopment in the downstream portion of the fuel sample.

2.2 Solid Fuels

All fuels studied in this work were processed by mixing liquid HTPB binder
(ARCO R45-M) and 10% of boron powder by weight with the curing agent
isophorone diisocyanate (IPDI). Two different brands of amorphous boron
powder were studied, one manufactured by Callery Chemical Company and the
other by SB Boron Corporation. The Callery boron has a much higher purity
than the SB 95 boron and a mean particle diameter approximately ten times
smaller, as shown in Table i. Some of the fuel samples were made with



184
MEASUREMENT LOCATIONS (X.Y):

I. PRESSURE-COMBUSTION CHAMBER INLET (-3.l. 2.816)

2. TEMPERATURE- COMBUSTION CHAMBER IMLET (-3.81. 2.86)

3. PRESSURE- TEST SECTION (21.27. 1.27)

4. TEMPERATURE- TEST SECTION A (21.27. -1.27)

5. TEMPERATURE- TEST SECTION 1 (23.81. 0)

S.TEMPERATURE- TEST SECTION C (26.35. 1.27)

7. TEMPERATURE- TEST SECTION D (28.89. 2.54)

OUARTZ AOJUSTAPLEWINDOW•1 F ' NOZZLE

FLOW - - 1.2 0 S 5A 0 I .0

NOZZLE NZL

SOLID FUEL
SAMPLE ./STEP K.IHT= ,59.17

1.27€n

NPIEI
ALL DIMENSIONS SHOWN ARE IN CENIIMETERS.

Fig. 2 Schematic diagram of experimental combustion chamber.

SB 95 boron powders coated with magnesium in amounts of 10 and 20 percent
by weight. The magnesium-coated boron particles were manufactured by
Mach I Inc.

The fuels were prepared by blending the HTPB, IPDI, and boron powder in a
vacuum mixer at 50 oc for one hour. After mixing, the fuels were poured into a
mold and degassed in a vacuum desiccator, then cured at 65 oc for four days.
The cured samples measured 15.2 cm in length, 5.1 cm in width, and 3.2 cm in
height.

2.3 Ignition System

All of the tests performed in this study utilized the hot crossflow gases to ignite
the solid fuel sample. Before ignition, air and propane flowrates were slowly
increased to raise the freestream pressure while a steady test section inlet
temperature was maintained (generally between 500 and 600 K). When the
desired test section inlet pressure was reached, the freestream temperature
was adjusted until the hot crossflow gases ignited the fuel sample. The
freestream inlet temperatures recorded at the onset of solid-fuel ignition in this
study were between 640 and 825 K.

2.4 Real-Time X-Ray Radiography and Video System

To determine the burning rates of solid fuels accuately and non-intrusively, a
real-time x-ray radiography system was used, as shown in Fig. 3. A continuous
wave x-ray is generated by a constant potential power supply system and is
delivered to the x-ray tube head. A lead diaphragm is located at the exit port of
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Purity (%) > 99 95.5-96.5
Impurities (%) not available 1.0-1.1 Mg,

< 0.5 H20 2
< 0.25 moisture
< 0.2 H20 soluble

Particle Size (g.m) 0.04-0.15 0.8-1.0
Melting Point (deg C) 2,300 2,160

the tube head to limit the angle of divergence of the x-ray beam and to confine
the beam to the measuring secion of the test rig. Graphite and LEXAN
windows are installed on botn sides of the viewing area to facilitate -(ray
penetration. After passing through the test rig, x-ray signals are transformed to
fluorescent light signals on the output screen of a tri-field image intensifier. The
intensifier output is recorded by a video camera. After the completion of each
test, the regression rate of the fuel sample is deduced using a Quantax 9210
digital image processing ystem.

Direct video is also employed to study the burning phenomena of the solid
fuels. ThG top view of the solid fuel is captured through a quartz window (see
Fig. 2) to study surface ignition, flame spreading, and combustion processes.

CONTROLLER

T.V. MONITOR_

HIGH VOLTAGE/
GENERATOR

-GRAPHITE SIDEF~h WINDOWS VIDEO
RECORDER

LEAD
COLLIMATOR S ELDING

RUBE HEAD I [ WA CAMGERA i
-- -- I INTENSIFIERTUEHED2ZZ ZZZZZZZZ2ZZZZa EZZ22.........2.............

LEAD SFRJ
DIAPHRAGM SOLID FUEL COMBUSTION

SA"PLE -CHAMBER

Fig. 3 Schematic diagram of real-time x-ray radiography system.

"obtained from manufac;urers' data sheets



Another video camera records the exhaust plume emanating from the 186
combustion chamiber. A more detailed description of the experimental setup
can be found in the Ph.D. thesis by Jarymowycz (1991).

3. EXPERIMENTAL RESULTS AND DISCUSSION

Tests were performed under a wide range of inlet conditions, with inlet static
pressures from 0.28 to 0.62 MPa, freestream temperatures from 640 to 925 K,
Mach numbers from 0.53 to 0.66, and oxygen mass fractions from 0.14 to 0.18.
Figure 4 shows a set of typical combustion chamber temperature and pressure
traces taken from locations 3 and 5, respectively, as shown in Fig. 2. An HTPB-
based fuel sample containing 10 percent uncoated Callery boron (denoted as
B/Mg/HTPB, 10/0/90) was used for the test and its regression-rate history is
superimposed on the figure. The regression rates are averaged values from the
locations at 6.0, 9.0, and 12.0 cm from the rearward-facing step. The test begins
at t = 0 when air and propane are intr }duced into the chamber. Approximately
30 seconds into the test, the test-section temperature is increased from 520 to
610 K and pyrolysis of the solid fuel begins. Ignition occurs at 41 seconds, as
evidenced by increases in all three readings. The regression rate and
temperature both increase very rapidly at the onset of ignition due to the heat
release from the combustion of pyrolyzed gases which accumulate in the
recirculation zone before ignition. Both parameters decrease following ignition
and maintain a fairly steady value during combustion. At the onset of ignition,
the pressure experiences a small rise; afterward the pressure maintains a
nearly constant level throughout combustion. The pressure increase at ignition
is caused by the expansion of combustion gases. The decrease in regression
rate at t = 64 seconds is due to the burnout of the fuel sample in the downstream
section.

S1.20 CleyBHP 1/0 _10
cleB/P(00 Test-Section

-' .00I00
.6 - Temperature 1000

I Ignition

• 80800

S0.60 Test-Section Pressure
"• ~600•

S0.40 Regression "

fl. 400Ratt: 0.20.0

:0 0 .00 . . ' ..' 1 - 4 i, 1-• . . . . - .- ....1-1 - .:- : , 1.. 200

W 0 10 20 30 40 50 60 70 80 90 100 110Q)
Cn, Time (sec)

Fig. 4 Combustion chamber pressure, temperature, and regression
rate histories.



Ignition of the Loron-,aden solid fuel is .aided by particle roactions on the 187
sample surface. Before ignition, the fuel sample surfaces showed glowing
particles in all regions of the samples. However, ignition always occurred in the
recirculation region near the rearward facing step, with subsequent flame
spreading over the entire surface. The onset of ignition appears to be
dependent mainly on the freestream temperature and fuel additives. Ignition
occurred at freestream temperatures between 640 and 800 K for the majority of
the tests with fuel samples containing magnesium-coated boron particles, and
between 725 and 820 K for the samples with uncoated boron particles.

A study by Laurendeau (1968) consistently found the particle ignition
temperatures of magnesium to be very close to its melting point (922 K) in a
variety of experimental environments. In contrast, the ambient temperatures
required for full ignition of boron are generally much higher, above 2500 K [King
(1982)]. Thus, higher freestream temperatures are expected for ignition of the
boron-laden fuels without magnesium since more energy is needed to ignite
these particles. Ignition of the solid fuels at freestrearn temperatures well below
the boron and magnesium particle ignition temperatures is caused by the
presence of localized hot spots generated by the exothermic reactions between
particles. These spots become reaction sites for the pyrolyzed fuel-rich species
and air mixture. Once the fuel sample sustains combustion, ejected particles
can fully ignite by passing though the established flame zone.

A limited number of HTPB-based samples containing no boron (B/Mg/HTPB,
0/0/100) were also tested. Without the boron or magnesium reactions to
promote ignition of the fuel samples, ignition was not attained below
temperatures of 890 K. Howa3ver, when the first 0.5 cm of the fuel sample
(behind the rearward-facing step) was replaced with a section of boron-laden
fuel (B/Mg/HTPB, 10/0/90), ignition and sustained combustion was achieved at
800 K. This substantiates the hypotheses that the particle reactions serve as
the ignition source for the samples.

Figure 5 compares the influence of freestream pressure on regression rates for
SB 95 and Callery boron-laden solid fuels (B/Mg/HTPB, 10/0/90). The
regression rates are averaged over the first 12 seconds following the attainment
of steady state ignition. During this time period the fuel web thickness is
sufficiently thick and the step height relatively constant to ensure consistent
results. Similar regression-rate dependencies on pressure are observed for the
Callery and SB 95 boron-laden fuels. The regression rates increase with
pressure, with the strongest dependency at high pressures. The increased
burning-rate dependence at high pressures may be caused by increased
radiative heat transfer from the combustion products back to the fuel sample.
The formation of soot as a combustion product in hydrocarbon fuels is greatly
enhanced at high pressures. According to Sarofim and Hottel (1978), soot can
double or triple the heat radiated by the gaseous products to the fuel sample,
augmenting the burning rate by increasing the fuel surface temperature.
Similar regression-rate dependencies on pressure were found for
polymethylmethacrylate (PMMA) solid fuels in a study by Korting et al. (1990).

Figure 5 also shows the effect of boron type on the regression rate of the fuel
samples. The regression rates of the Callery boron-laden fuels were found to
be approximately 7 to 10 percent higher than those of the SB -35 boron. The
different purities of the two boron types is one possible explanation for the
differences in the regression rates. The impurities found in the SB 95 boron
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"w 0.707
SO 10 Callery Boron, T - 775 :k 15K, M = 0.58 :k 0.08

S0.65 10O SB Boron. T = 785 + 55K, M = 0.60 + 0.02S/
S0.60

S0.550
0)00.501

-'0.450

all 0.40

•" 0.35

< 0.301 ...
0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

Freestream Pressure (MPa)
Fig. 5 Burning-rate dependence on freestream pressui_ and boron type for
HTP;3-based fuels.

(mainly Mg, H202, and moisture) diminish the available energy release. In
addition, the Callery boron particles are approximately 10 times smaller than
the SB 95 boron particles, as listed in Table 1. In the review paper by King
(i 982), burn-time data for small particles ( < 40 g±m ) were reported to follow the
d1 law, which would predict a much shorter burn time for the Callery boron-
laden fuels than the SB 95 boron fuels.

The effective difference in boron particle size may be reduced by particle
agglomeration that occurs during storage and in fuel processing. Scanning
Electron Microscope (SEM) photographs of the Callery and SB 95 boron-laden
fuel samples are shown in Figs. 6 and 7, respectively. In Fig. 6, Callery boron
particles smaller than 1 micron are abundant on the sample, while a few larger
particles (1-3 microns) are also evident. These micrographs suggest that there
is some agglomeration of the particles, which were originally between 0.04 and
0.15 microns, however the average boron particle diameter is still smaller than
1 micron. The micrograph of the SB 95 boron fuel sample of Fig. 7 also shows
some agglomeration. The average particle size appears to have increased from
the original diameters of 0.8 to 1.0 micron, to around 3 microns in diameter.
Thus, after fuel processing there is still a substantial difference in average
particle diameters for the two types of boron.

The effect of magnesium coating of boron particles on solid fuel regression
versus pressure is shown in Fig. 8. At low pressures, the samples with the
magnesium-coated particles experience a higher regression rate than the
uncoated boron particle sample. The B/Mg/HTPB (8/2/90) fue! has a burning
rate almost 25 percent higher than that of the uncoated boron particle samples
at 0.35 MPa. The lower burning rates of samples containing uncoated particles
are believed to be caused by longer particle ignition delay times. The uncoated
boron particles are surrounded by inhibiting boron-oxide !ayers, which prevent
direct contact between the boron particles and the surrounding oxidizer. For
ignition to occur; the boron-oxide layer must first be removed by substantially
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Fig. 6 SEM photograph of Fig. 7 SEM photograph of
Callery boron-laden fuel sampie. SB 95 boron-laden fuel sample.

raising the particle temperature so that the oxide layer evaporates or is
consumed by chemical reactions. The time required to remove this layer is
governed by rates of ccnvective heating and exothermic or endothermic
reactions occurring on or beneath the particie surface. When the boron
particles (with B203 layers) are coated with a layer of magnesium, the
magnesium ignites much more readily with the surrounding oxidizer, and
transfers a portion of the energy release to the boron particle. The energy
transfer from magnesium reactions occurs more efficiently than the convective

z 0.70+
f 10% SB Boron. T = 785 + 55K. M = 0.60 :k 0.02

E 0 .6 5 T * 10% SB B/Mg (9/1). T = 780 20K, M = 0.58 ± 0.05
P :•A 10% SB B/Mg (8/2). T = 775 35K, M = 0.61 ± 0.02

a>0.60

• T0.55 . o

0.501 A4..7-

s.~0.451

0.40 .

1 0.35a-, @ ° . °I°

0 .3 0 1 ',.,
0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

Freestream Pressure (MPa)

Fig. 8 Burning-rate dependence on freestream pressure and magnesium-
coating percentage for HTPB-based fuels.
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or self-heating processes which the uncoated particle relies upon. In this 190

manner, the particle temperature rises quickly, resulting in a shorter ionition-
delay time and higher burning rates for fuel samples containing magnesium-
coated boron particles.

At high pressures, the magnesium coating does not appear to enhance the
burning rates of sofid fuels. Figure 8 shows !hat the burning rate curves for fuels
with magnesium-coated particles convergC to the burning rate curve for fuels
with uncoated particles at pressures above 0.55 MPa. This trend is more clear
in Fig. 9, whire the burning rates are plotted versus the oxygei partial pressure.

At the higher Žressures, gas-phase reaction rates increase, resulting in higher
temperatures and greater heat transfer to the particles. This minimizes the
dependence on the magnesium reactions to provide the requirea energy for
boron particle ignition, leading to the merging of the burning rate curve that is
observed.

S"0.70
" , 10% SB Boron, T - 785 _ 55K, M = 0.60 + 0.02

F 0.65 * 10% SB B/Mg (9/1). T = 78O:1-2•OK, M = 0.58 4- 0.05
A 10% SB B/Mg (8/2), T = 775 35K,M• = 0.61 4- 0.02

'" 0.60-L
0.455

c 0 .5 0 . . -.. .-

S0.45 ............ -- " -. - -"

0.40 . --

S0.35

,C4 0.30+ : - -+ ,- . ::.:,
0.04 0.05 0.06 0.07 0.08 0.09

02 Partial Pressure (MPa)

Fig. 9 Burning-rate dependence on oxygen partial pressu,.,a and magnesium-
coating percentage for HTPB-based fuGIs.

Another factor in the merging of the three regression rate curves is the decrease
in combustion energy of the boron particles with magnesium coating.
Magnesium has less than one half the gravimetric heating value of boron.
Replacing 20 percent of the boron with magnesium decreases the overall
heating vaiue of the particle by slightly more than 10 percent. At conditions for
which reduction of ignition delay due to magnesium coating is not substantial,
such as at high pressures, the regression rates could even be lower for the
magnesium coated boron fuels.

In order to assess the effects of pressure, oxygen mass fraction, and
magnesium coating percentage on the burning rates of the SB 95 boron-loaded
fuels in a more general and quantified sense, the independent variables were fit
to a power law of the following form:



rb = a 'p/pjatrn~b (Yc,,/ýYo2,b)c (1)

wheee the pre-exponential coisstant a and the pressu~re exponent b are
functions of the fraction of magnesiuIm contained in the luel (T~'Mg). The terms
Patm and YC)2ref are referance values of 1 atm a-&:d 0.233, respectively. Data
from 17 tests were entered into an algorithm for least-squares estimation of
nonlinear parameters [Marquardt (1963)]. The tests had pressures ranging from
.276 to .620 MWa, and oxygen mass fractions from 0.137 to 0.174. There were
no significant. vatiatgons in temperatures or Mach numbers; therefore, they are.
not included in this data analysis. The correlation obtained is shown below.

rL- = (0. 17 + 2 .4'f'mgr (PIPa tm) 0.7 2 (1 ..- 8.5 TIMg) ( YOly'O2ref)O0. 3 8  (2)

The pressure exponent of 0.72 for HTPB-based fuels with uncoated SSB 95
boron particles is comparable to the burning-rate dependence on pressure for
fuels loaded with Callery boron [Jarymowycz (1991)). The effect of magnesium
loading on the pressure exponent appears lar~e; however, the fraction of
magnesium in these samples only ranges from 0.01Mo 0.02", which would reduce
the pressure exponent by a maximrum of 17 percent. The power law expression
predicts increased burning rate with m;;qnesurn addition at low pressures, and
a revc-rsal in this trend at high pressureý. This is consistent with the results
presented in Fig. 8. The freestream oxygen mass-fraction exponent of 0.35
signifies its importance. T5he comparison of measured and predicted burning
rates of B/Mg/HTPB fuels with SB boron is shown in r~g. 10. Equation 2 is
highly suitable for predicting fuel regression rates: however, discretion should
be used before exirapalatirig this correlaftcn to highel, magnesium
concentrations.

S (0. 17+2.4-Mg)j (P/Pa)0.72(1.0-8.5-Mg) (Y0 2 /YO 9d 0 '3 8

0.4

0.2--

Q HRTPB with 10%Z SB Boron Particles
with and without Mg Ccating

0.0
S0.0 0.2 0.4 0.6 0.6

Measured Bui-rning Rate (rnr/sR)

Fig. 10 Comparison of measured and predicted burning rates for SB boron-
laden tuels with magneziuIm coating.



4. SUMMARY AND CONCLUSIONS 1,2

An experimental approach was employed to study the combustion behavior of
boron-laden solid fuels under high-speed crossflows. Boron particles coated
with magnesium were added to HTPB-based solid fuels and the regression
'ates and burning characteristics were compared to those of solid fuels with
uncoated boron particles. In, addition, two different types of boron were studied
to determine the effect of boron type on the combusiicn of solid fuels. The
regression rates of the solid fuels were determined through instantaneous
surface profiles obtained by a non-intrusive real-time x-ray radiography system.

Ignition of the fuel samples was found to be initiated by particle reactions on the
sample surface in the recirculation zone. The freestream temperatures required
to ignite the magnesium-coated boron fuel samples were lower than those
requirod fur the uncoated boron fuels. This is attributed to the lower ambient
temperature required for magnesium ignition.

Fuels with boron particles of high purity and small mean diameter exriericed
higher regression rates than fueis with particles of slightly lower purity and
approximately 10 times larger mean diameters. SEM photographs showed that
athough agglomeration of the particles occurred in the fuel samples, a
substantial difference in particle diameters for the two types of boron remrnaecl

At low pressures (below 0.55 MPa), the addition of magnesium-coated boron
particles to the fuel samples increases the burning rates over those with the
uncoated boron particles. The augmented burning rates at low pressures are
due to the additional heat generated by magnesium/oxygen reactions which
occur more rapidly than boron/oxygen reactions.

At higher pressures, solid fuels with coated boron particles have regression
rates similar to those with uncoated-boron samples. At these conditions, gas-
phase reaction rates and conductive heat transfer to the particles are higher for
both types of particles. Thereflore the relative importance of surface heat
release by magnesium/oxygen reactions is reduced. In addition, magnesium-
coated boron particles contain slightly less combustion energy than the
uncoated boron particles.

The effects of pressure, oxygen mass fraction, and percent coating of
magnesium cn the regression rates of the sold fuels were determined and a
burning rate ,.orrelation was obtained from this data. Pressure was found to
have the greatest influence on the regression rates, with an exponent of 0.72
that decreased slightly with the magnesium coatrng addition. The oxygen mass
fraction exponent wps 0.38.

In these tests, magnesium coating was applied to the boron particles of lower
purity and larger diameters. Gains incurred by magnesiurn coating are offset by
the lower burning rates of theses particles. Coating the high purity, small
diameter boron with magnesium may provide additional regression rate
increases.
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Experimental Study of Solid Fuel Ignition and Combustion
Under High-Velocity Crossflows

T. A. Jarymowycz,t K. K. Pace,* T. S. Snyder,: V. Yang,+ and K. K. Kuo++
Department of Mechanical Engineering
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Abstract

The combustion behavior of hydroxyl terminated polybutadiene (HTPB) based solid

fuels with boron particles were studied under both subsonic and s ipersonic crossflows using

a connected-pipe test facility. The Mach numbers ranged from 0.47 to 0.74 for subsonic

tests, while supersonic tests were conducted at a fixed Mach number of 1.5. Instantaneous

surface prefiles of the solid fuels were obtained using a real-time x-ray radiography sys-

tem.. For solid fuels without boron, auto-ignition of the pyrolyzed fuel-rich species and air

mixture can be achieved in the gas phase at sufficiently high iniet temperatires without

the aid of an external ignition source. However, addition of a small amount of boron to

the fuels decreases the minimum temperature required for ignition, since reacting boron

particles on the sample surface serve as a local heat source for igniting the pyrolyzed

fue!-rich species. Subsonic combustion studies revealed that regression rates were highly

dependent on freestream static pressures, and less dependent on temperature and mass

flux. The addition of boron particles (up to 10 percent by weight) to the HTPB fuels

ccnsiderably increased the burning rates of the fuels. The dependence of regression rate

cn temperature also increased with boron addition due to the enhanced radiative and

convective heat feedback from the condensed-phase reactions at elevated temperatures. A

burning-rate correlation was obtained in terms of pressure, temperature, mass flux, and

boron concentration. Combustion of solid fuels under supersonic crossflows was also suc-

cessfully demonstrated. For these tests, it was necessary to increase the size of the flame

stabilization region to promote ignition of the solid-fuel sample.

I Ph.D. Candidate, Member AIAA
T Graduate Research Assistant, Member AIAA
+ Associate Professor, Member AIAA
++ Distinguished Professor of Mechanical Engineering, Associate Fellow AIAA
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Nomenclature

a = Pre-exponential factor

b = Pressure exponent

B = Boron mass fraction in solid fuel

c = Temperature exponent

d = Mass flux exponent

G = Mass flux

rit = Mass flowrate of oxidizer stream

p = Freestream static pressure

rb = Burning rate of solid fuel

T = Freestream temperature

1. Introduction

The solid fuel rarajet (SFRJ) has the potential for achieving high performance levels

with the advantage of being simple and compact. For the SFRJ to become a viable air-

breathing engine, it must demonstrate efficient operation under a wide range of Mach

numbers and altitudes. Furthermore, it may inc rporate energetic fuel additives such as

boron or metallic powders to maximize performance during volume-limited missions.

Several investigations1 -7 have already been conducted to determine the effects of

freestream conditions (including pressure, temperature, and flowrate) on the burning rates

of homogeneous solid fuels in ramjet environments. Korting et al.' studied the combustion

behavior of polymethylmethacrylate (PMMA) at low mass flowrates using a connected-

pipe test facility. Results indicated that regression rates were hardly dependent on pressure

for freestream pressures below 0.65 MPa, but at higher prebsures where soot production



197

becomes significant, the burning rate increases with pressure according to the power rule

of p0. 56 . This is in reasonable agreement with PMMA combustion studies summarized by

Mady et al. 2 Furthermore, at low pressures the buring rates are strongly dependent on

the convective heat transfer rates which are influenced by inlet temperature and total mass

flux, but at higher pressures this dependence is weaker due to the increase in radiative heat

transfer.

The combustion of polyethylen;• (PE) fuels has also been studied in SFRJ combustion

chambers. 5 In low pressure environments (less than 0.6 MPa), Elands et al.3 noticed

a slight dependence of burning rate on pressure. The effects of temperature and mass

flowrate are greater and in accordance with the rela ions TV58 and rh 0 56 , where T and rh

are freeý,tream temperature and flowrate. respectively. These findings compared reasonably

well with predicted data from a numerical model which calculated burning rates as func-

tions of T, p, and rm. At higher m;s. flowrates the temperature dependency was slightly

lower, with the exponent decreasing to G.50.' An additional effect of port diameter on

regression rate was also noticed. Increasing the port area, while keeping such influence

parameters as temperature, pressure, and mass flux constant, decreased the regression

rates. This effect may be due to a change in fuel/oxidizer ratio caused by the increase in

oxidizer mass flowrate needed to keep the mass flux constant. The mixture may become

fuel lean and cannot supply the necessary energy to raise the enthalpy of the flow, con-

sequently reducing the heat feedback to the fuel sample and decreasing the burning rate.

Other possible factors include the increase in radius of curvature, and the change in turbu-

lence structure. Schulte et al."5 performed temperature and zoncentration measurements

in an SFRJ combistion chamber and showed that the flowfield in the combustor could

be divided into two regions: an air-rich core end a high-temperature zone of cGmbustion

products closer to the wall. These two zones did not mix completely, and the addition of

an aft mixing chamber would have been beneficial to the combustion process.
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The effects of energetic additives on the combustIoL processes of hydroxyl terminated

polybutadiene (HTPB) fuels have also been investigated. Snyder et al.6 studied the effects

of boron percentage on the burning rates of HTPB-based fuels by adding small fractions of

boron powders to enhance the ignition and combustion characteristics of the fuel samples.

Regression rates were found to increase with boron addition up to 10 percent, but further

addition of boron caused the bu, aing rates to decrease. This decrease was attributed to

(1) the heat-sink effect associated with boron particles in the gas phase which reduces the

gas-phase temperature, (2) shielding of heat feedback to the surface by the large number

of boron particles above the surface, (3) reduced pyrolysis cause-d by the accumulation of

unreacted boron particles on the surface, and (4) decreased gas-phase reactions due to the

smaller percentage of HTPB contained in the sample. Pein et al.' also noted that adding

small quantities of boron or boron carbide powders to the fuels increased specific thrust

considerably because of additional heat generated by the gas-particle reactions. However,

further addition of these particles beyond 20 percent hampered combustion efficiency and

specific thrust, due to reasons listed above. The effect of air swirl on boron combustion effi-

ciency was found to be beneficial, since swirl enhanced the mixing processes and increased

the residence times within the combustor.

The previous studies have provided useful information regarding solid-fuel combustion;

however, the majority of these studies were conducted in low-speed environments. The

objc.ctive of this research is to determine the effect of freestream conditions such as pressure,

temperature, and mass flux on the burning rates of HTPB-based solid fuels under a wide

range of Mach numbers, including both subsonic and supersonic crossflows. Consequently,

the feasibility of solid fuel combustion under high-velocity conditions can be investigated.

The effect of boron particle addition on the ignition and combustion characteristics of the

fuel samples is also determined.
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2. Experimental Approach

Te.t Facility

In order to understand the phyzical and chemical mechanisms involved in the corn-

bustion of solid fuels, an experimental study was conducted using a :onnected-pipe faciJity

shown schematically in Fig. 1. The test rig utilizes compressed air from two large storage

tanks with a combined capacity of 72 cubic meters and a maximum pressu:e of 4.9 MPa.

Air from these two tanks is mixed and burned with propane in the vitiator to achieve a

maximum temperature of 1000 K in the settling chamber, then the hot gas passes through

a convergent-divergenL nozzle which accelerates the flow to a Mach .num-nber of 1.5. In the

majority of tests, the mole fraction of oxygen in the vitiated air is fixed at approximately

0.17. The facility is capable of providing vitiated air at a high-velocity crossflow with a

static pressure range of 0.1 to 0.62 MPa in the test section, simulating the combustion

chamber conditions of a hypersonic vehicle at high altitudes. The maximum flowrate at-

tainable is 8 kg/s with a duration of four minutes at the highest pressure. For subsonic

operation, the adjustable exhaust nozzle chokes the flow and controls the ýMach number in

the test section.

Pressure and temperature measurements are takeen at several locations: the settling

chamber, upstream of the convergent-divergent nozzle, the inlet of the combustion cham-

ber, and downstream of the solid iuel sample. Data are not taken in the regions surrounding

the fuel sample, since mesurements in these locations would interfere with the video sys-

tems. Steady flow conditions are achieved by means of a feedback control loop between a

pneumatic ball valve in the air supply line and a pressure transducer in the settling cham-

ber, with a maximum fluctuation of 1 percent in the stagnation pressure. Combustion

instabilities in the vitiator are sometimes encountered due to fiel-rich conditions during

the startup procedure, but are quickly supressed by increasing the air flowrate. At steady
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operating conditions, the instabilities are not present. Combustion chamber temperature

and pressure are monitored at the locations shown in Fig. 2. Temperature measurements

are obtained using R-type (platinumr/platinum-13% rhodium) thermocouples. Radiative

and catalytic effects on the thermocouple beads are found to be negligible because of the

high convective velocity and small bead size of 200 microns; therefore, no corrections are

made to the temperature readings. An iBM PC/AT computer records all temperature and

pressure measurements using a Metrabyte DAS-16 high-speed data acquisition system. A

detailed description of the data acquisition and the flow measurement systems is available

in the thesis by Jaryrmowycz. 8

The high-enthalpy flow enters the combustion chamber through a short and straight

rectangular inlet measuring 3.18 cm in height, 10.16 cm in width, and 10.8 cm in .ength,

as depicted in Fig. 2. The inlet flow has a Reyixolds number Ea., ed on the inlet height

of approximately 1X 106 before passing over a rearward-facing step into the test section

The solid fuel sample is placed directly behind this step. The initial step height is kept

constant for all subsonic tests at, 1.27 cm, creating a recirculation zone with sufficient

dimensions for acHieving ignition and stable combustion of the fuel sample, and leaving

adequate space for boundary layer redevelopment in the downstream portion of the fuel

sample. During supersonic operations, the step height is increased to 1.91 cm to provide

a larger recirculation zone for flame stabilization. After ignition, an electronic actuator

may be used to feed the fuel sample upward in order to study the effect of step height on

combustion behavior. The sample feeding rate is on the order of 2.5 cm/s.

Solid Fuels

All fuels studied in this work are processed by mixing liquid HTPB binder (ARCO

R45-M) and various percentages (0-20 by weight) of elemental boron powder with the

curing agent isophorone diisocyanate (IPDI). Amorphous boron powders added to the fuels

have a purity of 99.9% and an average diameter of 0.9 microns. The fuels are prepared by
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thoroughly blending all of the ingredients in a vacuum mixer at 50*C for one hour. After

mixing, the fuels are poured into a mold, placed in a vacuum desiccator for three hours,

then cured at 65*C for at least four days. The samples measure 15.2 cm in length, 5.1 cm

in width, and 3.2 cm in height for the subsonic tests. During supersonic operations, the

width of the samples is increased to the full width of the chamber (10.16 cm) in order to

prevent expansion of the gas to the sides of the fuel sample and to maintain a high pressure

above the fuel surface. The narrower samples are used for subsonic tests to avoid direct

impingement of the flame onto the side windows and prolong the lifetime of the windows.

igniter

A pyrophoric liquid, triethylbcrane (TEB), is injectea into the recirculation zone to

achieve ignition of the solid fuels. A stainless steel tube with an outer diameter of 0.32

cm is extended slightly above the sample surface to inject TEB parallel to the top surface

of the sample at an angle approximately 60 degrees from the side walls. The injection

time is ordinarily on the order of one second, then the TEB is turned off after solid fuel

ignition is attained. In some cases, the solid fuel samples are ignited by the hot crossflow

gas without the aid of TEB, but this is highly dependent upon freestream conditions and

fuel composition.

Real-Time X-Ray Radiography and Video System

instantaneous surface profiles of the solid fuels are obtained using % real-time x-ray

radiography system. The system, shown in Fig. 3, consists of an x-ray source, ar, image

int.•asifier which receives the x-ray image through the graphite windows, and a video cam-

era. After completion of each test, the regression rate of the fuel sample is deduced using

a digital image processing system. This non-intrusive, technique offers severa) advantages

over the conventional optical methods in measuring the instantaneous surface profiles of

fuel samples. First, x-rays easily identify the fuel surface by penetrating through the two-
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phase combustion products surrounding the sample, which are usually opaque for other

visualization techniques. The flame does not interfere with the interpretation of the sur-

face profiles, since the luminous flame zone is not visible on the x-ray images. Second,

gas purging of the viewing windows, as required by the direct photography technique, is

not necessary since deposits of fuel and/or char on dhe windows are easily penetrated by

the x-rays. The elimination of gas purging also simplifies the design of the combustion

chamber. Third, the viewing area (6.3.5 cm in height x 13.3 cm in length) encompasses a

large portion of the fuel sample and its associated ,eacting flowfield, so tha: the complete

surface profile is contained on one image.

Direct video is also employed to study the burning phenomena of the solid fuels. The

top view of the solid fuel is captured through a quartz window (see Fig. 2) to study the

surface ignition, flame spreading, and combustion processes. Another video camera records

the exhaust plume emanating from the combustion chamber.

3. Experimental Results and Discussion

A series of subsonic and supersonic tests were performed using the facility described

":t the previous section. For subsonic crossflow conditions, the inlet static pressures and

freestream temperatures ranged from 0.26 to 0.57 MPa and 550 to 1080 K, respectively.

Vitiated air entered the combastion chamber at flowrates ranging from 1.1 to 3.1 kg/.

and Mach numbers from 0.47 to 0.74. Figures 4 and 5 show typical temperature and

pressure histories recorded from a subsonic test with a sample consisting of 5 percent

(by weight) boron in the HTPB binder (denoted as B/HTPB, 5/95). Ignition of the

propane/air mixture in the vitiator occurs forty seconds into the test, as indicated by

the abrupt increase in temperature shown in Fig. 4. Prior to this time, the cold air

is slowly introduced into the test section. After ignition in the vitiator, the propane
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and eir flowrates are steadily increased to raise the temperature and pressure of the hot

gas. Heat transfer to the solid-fuel sample raises the surface temperature of the sample,

and the fuel begins to slowly release pyrolyzed fuel-rich gaseous species from its surface.

According to the thermogravimetric analysis of B/HTPB fuels at a heating rate of 100

deg/min,9 decomposition starts at approximately 520 K. and reaches a peak weight loss in

the neighborhood of 680 K, with boron having only a very limited effect. A dashed vertical

line at t=64 seconds in Fig. 4 represents the time at which the temperature exceeds 520

K. For this particular test, TEB injection is not necessary because the temperature of the

vitiated air is sufficiently high to promote exothermic surface reactions of boron particles

which serve as a local ignition source for the air and pyrvlyzed fuel mixture. Following

igniI ion of the fuel sample, the flowrates of propane and air remain tixed, resulting in a

ccnstant pressure for the duration of the combustion event. The occurrence of ignition is

indicated by a large spike in the test-section thermocouple B reading, as shown in Fig. 4.

The height of the thermocouple is initially aligned with the sample surface prier to the test.

When the fuel sample ignites, the flame is in close proximity to the thermocouple; however,

as the sample regresses, the flame zone moves down with the surface of the sample, thereby

increasing t he distance between the flame and thermocouple and reducing the temperature

reading. The abrupt drop in temperature at the end of the test is caused by shutdown of

the test facility.

Figure 5 shows three separate pressure-time traces measured in the settling chamber,

combustion chamber inlet, and test section. As shown in these traces, ignition of the solid

fuel urnple causes a small, abrupt increase in each pressure reading- During the combustion

event, the Mach number at the inlet is fixed at 0.61. This value is calculated using the

static to stagnation pressure ratio, then verified by determining the correct pressure ratio

based on the inlet to nozzle area ratio.

As mentioned previously, auto-ignition of the solid fuel can be initiated by reactions
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of boron particles on the surface of the fuel sample. This ignition process relies on several

important physical and chemical mechanisms, including pyrolysis of the solid fuel, mixing

of the pyrolyzed fuel rich sp,. cies with the oxygen, and subsequent ignition of the mixture

by the reacting boron particles. In order to describe this s quence in more detail, the

ignition process of the boron particle is briefly summarized below.

Previous studies of ignition and combustion of individual boron particles'0 indicate

that boron undergoes a two-stage ignition process. The fir,-t stage begins with the removal

of a thin inhibitive oxide layer from the particle surface. Heat transfer to the particle melts

the oxide layer at 723 K, thereby allowing oxygen to diffuse across the molten ,wide layer.

The boron/oxygen reactions produce additional boron oxide which thicken tie oxide layer,

but also iaise the temperature of the particle due to the exothermicity of the reactions. This

initial rise in temperature is accompanied by the appearance of luminosity, and marks the

onset of the first stage of particle ignition. In order for the ignition process to continue, the

particle temperature must continue to rise. This occurs by further convective or radiative

heat transfer to the particle, which evaporates the oxide layer from the surface. In addition,

self-heating from boron/oxygen reactions raises the particle temperature at the expense

of borcn oxide production. At a sufficiently high freestream temperature (ca. 1900 K),

the evaporation rate of the boron oxide is high enough to completely remove the oxide

layer. The elemental boron is then directly exposed to the oxygen, giving rise to highly

exothermIc heterogeneous reactions and the second stage of particle ignition. This results

in full-fledged combustion and a much brighter flame surrounding the particle.

Figu,-:: 6 shows the top view of the ignition sequence of a B/HTPB (5/95) fuel sample.

The flow conditions are given in Figs. 4 and 5. The vieving area of the window spans 19

cm in length by 7 cm in width, and the flow direction is from left to right. Since the fuel

sample is 15 cm in length, a small portion o: the downstream section of the combustion

:ha'nber is visible on the right side of the window. The temperature of the crossflow gas
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is approximately 750 K, suffi~ent, to melt the oxide layers on the particies and promote

the first step of particle ignition. F'igu~re 6,a reveals glowing spots on the fuel surface which

appear to be boron particles in the firt s;.ave of ignition. As shown in the sequential Figs.

6a through 6c taken at a franming rate of 310 pý:t;tres per second, the glowing particles on

the surface provide the heat necessary to ignith, the pyrolyzcd fuel-rich gas and air mixture.

ignition of the gas phase begins in the redircula-ion zcne formed by the rearward facing

scep, and spreads downstream very quickly eý,s showny,:i ia Figs. 6c and 6d. The flame-

spreading process ordinarily occurs in less than 0.0Z seconds for the B/HTPB fuels used ir,

this study. Finally, Fig 6e shows full-fledged ignition of the solid fue! sample. The erratic

eages of the window are video distortions caused by the hie d ois lfvel in the test room.

After ignition of the solid fuel, the gloing boroa particles are t-ject, d with pyrolyzed

C.ued-nh species into the gas-phase reaction zone. The particles pass through the Rame

z-.-,e, where they are further heated to the second-stage ignition temperatur"e. In summary,

the first ignition of boron particles aids in the ignition process of the fuxel Sa IpCe by

providing a reaction site for the pyrolyzed fuel-rich species and air mixt .ire. Once the fuel

sample sustains combustion, ejected boron particles achieve their second stage of ignition

by passing through the established flame zone.

Within the Mach number range tested in this work, the majority of boron-laden solid

fuels ca•. ignite at inlet temperatures between 725 and 820 K without the use of TEB.

This temperature range is very conducive to ignition, since HTPB pyrolyzes below this

temperatute range, and boron particles begin their ignition process with the melting of the

oxide laye, at 723 K. All of these fuels ignited in the recirculating region, even tLough some

had glowing boron particles on the sides and in the downstream region of the sample. in

addition, ignition of the solid fuel did not instantaneously occur when these glawing spots

were formed in the recirculation zone, but occurred only after a sufficient amount of gas

pyrolyzed from the fuel surface. An attempt was made to establish a correlation between
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tne t.me allowed for pyrolysis and the ignition teraperature, but noue was found because

the elapsed time between these two events was primarily dependent on the test procedure

awd the sequence in supplying propane and air to the test rig.

The ignition Fequence for B/HTPB (0/100) fuels without the aid of TEB was slightly

different than that for borm..contaixiing fuels, since boron particles were not available on

the surface to promote ignition. The HTPB fuels did ignite in the reclrculation zone;

however, the required inlet temperatures were beyond 820 K. The ignition event of a

B/HTPB (0/100) fuel is shown in Figs. 7a through 7e. Figure 7a reveals onset of igniti n

of the gas-phase mixture in the recirculation zone, and the next three figures show the

flame-spreading phenomenon which is similar to that of thý B/HTPB (5/95) fuel, The

B/HT'PB (0/100) fuels showed no indication of a localized ignfition source to initiate the

igmtion process; instead ignition seemed to occur spontaneously over a distributed region

in the recirculation zone. The flame spread slightly faster 'ompared to the boron-laden

fuels, but this might be due to the faster kinetics caused by a higher inlet temperature.

As previously mentioned, TEB was available to ignite the solid fue!; however, it was

used only under conditions which necessitated its use. Typically, TEB was used for those

tests with low inlet temperatures in which auto-ignition of the fuel species in the gas

phase was difficult to achieve. When the operating conditions matched the desired test

temperature and pressure, the TEB was injected and the fuel samples ignited within one

second from '.he start of injection, with the exception of one test employing B/HTPB

(0/100) fuel at a low inlet temperature. For this particular test at 620 K, the fuel sampie

ignited momentarily when TEB was injected for ten seconds above the surface; however,

thc sample exir-guished after the igniter was turned off. A B/HTPB (10/90) fuel sample

tested at a lower inlet temperature of 550 K did ignite and sustain combustion after TEB

:njection. The successful ignition of this fuel is most likely caused by the increased surface

absorptivity due to the addition of boron particles. Another 'actor contributing to the
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flame stabilization at low inlet temperatures is the increase in heat feedback to the surface

from the ejected boron particles reacting above the solid fuel.

Figure 8 shows the instantaneous surface profiles deduced from the x-ray radiography

system for a B/HTPB (5/95) sample bturning under a subsonic crossflow. The profiles are

taken at. axial locations 4.5 to 13.5 cm from the rearward-facing step at intervals of 1.5

cm. These profiles are not extended to the full length of the sample because all of the fuels

expc_:ence some degree of end burning; therefore, data at the 15 cm location are not always

available. In ad.dition, the region upstream of the 2.8 cm location was not visible due to

restrictions in the size of the side window. The dashed line corresponds to the fuel surface

profile before the test, awd the solid lines are the contours of the sample taken after ignition

at five se :ond intervals. The first profile taken immediately after ignition of the entire fuel

sample at t=110 seconds sh'ws the degree of fuel pyrolysis prior to ignition. Since each

test necessitates some start-up t:me to achieve operating conditions, all solid fuels exhibit

similar pre-ignition pyrolysis. The fuel surface profiles show an increased regression rate

in the downstream region ca.used by .nhance6 heat feedbacfc fioxn the diffusion flamc 7one.

Larger amounts of fuel-rich species are reacted in do-,ý nstream locations rather than at

upstream stations, because the majority of the pyrolyzed gases are transported downstream

by the shear flow before chemical reactions occur. Thus, heat release ia the diffusion flame

is greater in the downstream region.

Figure 9 shows the influence of freestream p:essure on the regression rates of HTPB-

based solid fueLs with boron ioadings of 0, 10, ard 15 percent. The regression rates are

averaged values from the locations at 6.0, 9.0, and 12.0 cm from the rearward-facing step,

"•v'ich cover a significant portion of the fuel sample. For these boron leadings, the burning

rates increase substantially with pressure. Two mechanisms can be attributed to the

enhanced burning rates at higher pressures. First, the gas-phase kinetics are faster, thus

shortening the flame standoff distance above the fuel surface and enhancing heat feedback
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to the fuel sample. Second, the increase in pressure corresponds to an increase in oxidizer-

tc-fuel ratio, allowing additional reactions of oxidizers with the fuel-rich pyrolysis products

and boron particles. This results in higher flame temperature and greater heat transfer

to the fuel surface, thus increasing the regression rate of the solid fuel. The in':rease in

pressure also has an inverse effect on the molecular diffusion rate of the fuel species, which

may decrease the height of the flame above the surface and consequently alter the burning

rate. However, this effect may not be significant because of more pronounced effects of

blowing and turbulent mixing above the surface.

rhe effect of boron on the regression rate of the HTPB fuels is also studied. The

addition of 10 percent boron to a pure HTPB fuel increases the burning rate by approxi-

mately 10 percent (assuming the slight difference in freestream temperature between the

0 and 10 percent boron curves is negligible). This increase appears to be caused by the

additional convective and radiative heat transfer from the reacting particles to the fuel

surface, as well as the increased radiation absorptivity of the fuel surface. A higher boron

particle loading of 15 percent appears to slightly decrease the burning rate compared with

the 10 percent boron fuel. This may be due to the following reasons: (1) the decreased

HTPB content in the fuel diminishes the gas-phase reactions and reduces the energy supply

fm complete ignition and combustion of boron particles, (2) the higher boron percentage

increases the heat-sink effect in the gas phase, which reduces the flame temperature and

results in incomplete ignition and combustion of the particles, thereby reducing the heat

feedback from the ejected particles, and (3) the heat feedback is diminished due to shield-

ing caused by accumulated particles on the surface. Only a few tests were conducted at

these higher loadings and more data may be needed to support these statements.

The effect of freestreamn temperature on the burning rates of B/HTPB fuels with

particle loadings of 0, 5, and 10 percent is presented in Fig. 10. The burning rates

increase with freestream temperature due to enhanced convective heat transfer to the fuel
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surface froin the crossflow and faster chemical reaction rates at elevated temperatures.

The effect of boron loading on temperature dependence is evidenced by comparing the

slopes of the three curves. As boron percentage increases, the slopes of the curves become

steeper, demonstrating a greater effect of temperature on the boron-loaded fuels. This

may be due to the following factors. The rise in freestream temperature not only increases

the gas-phase reaction rates, but also increases the convective heat transfer to the boron

particles, which subsequently decreases the heatup and ignition times of the boron in the

gas-phase reaction zone above the fuel sample. At lower inlet temperatures the particles

may ignite but not until they are convected downstream of the solid fuel where less energy

can be directly transferred back to the fuel. If the particles achieve ignition sooner due to

the higher inlet temperatures, they can supplement the heat feedback to the fuel surface

with radiative and convective heat transfer from the condensed-phase reactions. Thus, the

increase in burning rates for boron-laden fuels at elevated temperatures is due to enhanced

gas-phase reactions as well as additional convective and radiative heat feedback from the

particles.

In order to assess the effects of temperature, pressure, and boron loading percentage

on the burning rates in a more general and quantified sense, the independent variables

were input into a power law of the form:

rb =a pb Tc Gd (1)

wherc the pre-exponential constant a and the pressure exponent b are functions of boron

percentage. The units of pressure, temperature, and burning rate are MPa, K, and rmn/s,

respectively. In this work, boron loading varied from 0 to 20 percent, pressures r-om 0.26

to 0.57 MPa, temperatures from 550 to 1080 K, mass flux from 337 to 965 kg/m/s, and

Mach number from 0.47 to 0.74. with an initial combustion charaber step heighL of 1.27
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cm. The correlation determined from a least-squares estimation of nonlinear parameters1 1

is shown below.

rb =(0.06 + 0.03B) pO. 6(l. 0 -0 .23B) T0 .28 Go0o9  (2)

Results from this correlation are shown ia Fig. 11, where the predicted power law is shown

on the horizontal axis, and the observed burning rates on the vertical axis. The diagonal

line signifies agreement between predicted and observed burning rates. The data con elates

reasonably well for the wide range of pressures and temperatures, with pressure exhibiting

the most dominating effect on the burning rate. According to the power law expression.

addition of boron to an HTPB fuel increases the burning rate; however, relatively few

data are available for boron loadings greater than 10%, and care must be taken before

extrapolating this equation to higher boron concentrations.

Efforts were made to incorporate the effect of mass flux into the correlation, but the

current results indicate only a very weak effect on the bu•ning rate, with an exponent

of 0.09 for the mass flux in the power-law expression. Since mass flux is a function of

pressure, temperature, and Mach number, and no direct attempts were made to keep the

pressure and temperattue constant while changing the Mach nmnber, it is possible that the

major effects of the mass flux are represented in the pressure or temperature exponents.

Future tests should incorporate variations in Mach number while keeping the remaining

independent variables constant.

The combustion of solid fuels under supersonic crossflows was also achieved with

B/HTPB (10/90) and B/HTPB (0/100) samples at a Mach nmnber of 1.5. The first

test was conducted with B/HTPB (0/100) to determine the effect of the step height on

flame stabilization. The initial step height was 1.27 cm prior to the test. Under Mach

1.5 crossflow with a freestrearn temperature of 900 K and static pressure of 0.30 MPa,
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the fuel sample did not ignite with TEB inj;ection To achieve ignition, the step height

was increased to 1.9 cm by lowering the fuel. With a larger flame stabilization region, the

fuel ignited with TEB injection. After ignition, the TEB injection was turned off and the

sample burned for approximately seven seconds. No fuither attempts to ignite the fuel

sample were made because the fuel sample had pyrolyzed significantly.

In order to promote ignition of the B/HTPB (10/90) fuel sample, the initial height

of the rearward-facing step was increased to 1.91 cm prior to the succeeding test. In this

arrangement, the top surface of the fuel was directly in line with the exit channel of the

combustion chamber. TEB was injected onto the surface of the fuel sample in order to

achieve ignition. As the sample regressed, a forward-facing step was formed at the rear of

the sample with the exit channel. A set of instantaneous surface profiles from a supersonic

crossflow test is presented in Fig. 12. The dashed line corresponds to the surface profile

taken before the test, while the solid lines are contours taken during combustion of the

luel. The first profile is taken immediately after ignition of the entire fuel sample at t=85

seconds. This profile indicates a significant amount of pyrolysis in the downstream region

before ignition, with most of the pyrolysis occurring 10.5 to 12.0 cm from the rearward-

facing step. After ignition, the average burning rate of the sample is approxim•.tely 0.49

mnm/s. Study of the exit plume confirms that reactions also occur downstream of the

sample in the supersonic flow.

5. Conclusions

The combustion behavior of HTPB-based solid fuels with various percentages of boron

loading were studied under both subsonic and supersonic crossflows, using a connected-pipe

facility. A non-intrusive real-time x-ray radiography system was used to obtain instanta-

neous surface profiles of the solid fuels.
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The ignition sequence of boron-laden fuels revealed the presence of glowing boron

paeticles in the early stages of particle ignition on the fuel surface. These localized hot

spots served as the ignition source for the solid fuel sample. Autoignition of the boron-

laden fuels was always initiated by the particlei on the sample surface in the recirculation

zone formed by the rearward facing step.

The ignition sequence for B/HTPB (0/100) fuels was different from that of boron-

laden fuels, since only pyrolyzed HTPB fuel is involved in the gas-phase process. Ignition

of pyrolysis products of HTPB began in the recirculation zone; however, the required inlet

temperatures were much higher. These fuels showed no indication of a localized ignition

source to initiate the ignition process; instead ignition seemed to occur spontaneously over a

distributed region in the recirculation zone. Flame spreading over the fuel surface was faster

when compared with the boron-laden fuels partly because the freestream temperatures were

higher.

All fuels tested under subsonic crossflow exhibited a faster regression rate with in-

creased distance from the rearward-facing step. These tests also revealed that regression

rotes were highly dependent on freestream static pressures, and less dependent on the

temperature and mass flux. Two mechanisms are attributed to enhanced burning rates

at higher pressures: (1) faster gas-phase kinetics which lead to shorter flame standoff dis-

twice and increased heat feedback to the fuel surface, and (2) increased oxidizer-to-fuel

ratio "--hich allows additional reactions of oxidizers with fuel-rich pyrolysis products and

ejected boror. particles. The addition of small percentages of boron (up to 10 percent by

weight) significantly enhanced the ignition and combustion characteristics of the sample

and increased the regression rates. The increase in the regression rate is believed to be

caused by the increase in convective and radiative heat transfer from the reacting particles

to the fuel surface, as well as the increased radiation absorptivity of the fuel surface. A

burning-rate correlation was also obtained in terms of pressure, temperature, and boron
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concentration.

Combustion of solid fuels under supersonic crossflows was also successfully demon-

strated. For these tests, it was necessary to increase the height of the rearward-facing step

to promote ignition and flame stabilization of the solid fuel sample.
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SOLID FUEL IGNITION AND COMBUSTION
CHARACTERISTICS UNDER HIGH-SPEED CROSSFLOWS

T.3. Snyder , T.A. Jarymowycz, K.K. Pace+, and K.X. Kuo++
Department of Mechanical Engineering

The Pennsylvania State University
University Park, Pennsylvania 16802

ABSTRACT studied the effects of fuel port-to-inlet
area ratio, port-to-throat area ratio, and

The ignition and combustion charac- freestream temperature on flame holding of
teristics of HTPB solid fuels with various several solid fuels. The fuels studied in
percentages of boron loadings have been their, subscale combustor included poly-
studied under high-speed, high-enthalpy methylmethacrylate (PMMA), polyethylene
crossflows. A blowdown wind ttnnel was (PE), and polybutadiene (PB). They found
utilized to simulate a SFRJ combustor with that the flame holding characteristics
pressures from 0.26 to 0.55 MPa and temp- could be improved by increasing these area
eratures from 620 to 1040 K. Regression ratios and the freestream temperature.
rates of the solid fuels were determined Their results also indicate that the flame
as a function of boron percentage and holding boundary could be broadened to
freestream temperature and pressure using include lower area ratios if the free-
a real-time X-Ray radiography system. The stream temperature is increased. This
addition of 10 percent boron to HTPB implies that as the inlet temperature of
enhanced the ignition characteristics of the ram air increases (i.e. higher flight
the sample and resulted in the fastest Mach number), the step height required for
regression rate. Samples loaded with high a dump combustor becomes smaller. 2Similar
percentages ot boron had lower regression observations were made by Schulte con-
rates. This decrease is caused by the cerning the effects of area ratio on flame
heat sink effect of a large number of stability. He observed that the regres-
boron particles, the shielding of heat sion rate for PE was affected somewhat
feedback from the diffusion flame to the stronger by an increase in inlet air
sample surfacs, and the decreased gas- temperature than by an increase in the air
pbase reactions by the reduction in HTPB mass flux or chamber pressure.
percentage. The results obtained from these works

1. INTRODUCTION demonstrate the importance of combustor
geometry and operating conditions on the

The research and development of combustion of solid fuels. The geometry
advanced air-breathing propulsion systems of the combustor governs the flow charac-
continue to be of great importance because teristics and the mixing processes between
of the advantages of using ambient air as the pyrolyzed fuel-rich gases and the
oxidizer. High specific impulse and long inlet air. In addition, the reaction
range can be achieved by burning solid rates between reactants depends strongly
fuels under subsonic crossflow conditions on the freestream temperature and chamber
in ramjets, ot under supersonic crossflow preusure.
conditions in scramjets. Efficient oper- 3
ation of these combustors depends upon: Gany and Netzer studied the com-
l) self-sustained combustion of the solid bustion behavior of solid fuels highly
fuel using a rearward facing step for loaded with boron, boron carbide, and
flame holding; 2) adequate freestream magnesium particles. They concluded that
temperature, pressure, and mass flowrate; under regular dump combustor flow con-
3) proper mixing of the oxygen in the ditions almost no oxygen exists at the
freestream with the pyrolyzed fuel-rich solid fuel surface. However, flow
gases; and 4) uniform regression of the impingement on the fuel surface caused
solid fuel grain. once efficient com- surface heating and glowing by chemical
bustion is demonstrated, practical appli- reactions. These reactions promoted the
cations of solid fuels can be incorporated ejection of hot particles and large fuel
into propulsion systems. sements from the surface reaction layer

to the freestream.
There have been several research

efforts dealing with the combustion Depending upon the reaction time of
characteristics of solid fuels under low, the particles, ejection of particles from
Mach-number conditions. Netzer and Gany the %urface can greatly influence the

combustion efficiency of the solid fuels
inside a combustor. High combustion

* Graduate Student, Student Member of efficiency can be attained if the chemical
AIAA reaction times of the ejected particles

** Ph.D. Candidate, Student Member of AIAA are smaller than their residence times in
+ Graduate Student the combustor. In addition, adequate
++ Distinguished Professor, Associate mixing between the fuel-rich reactants and

Fellow cf AZAA oxidizer species is necessary to decrease
the chemical reaction time in the gas-

Cupynrgtht 0 1990 by the Amencan Institute oi Aeronautics
and Altriiklaiitt. 1rnc. All nghts are retter~d
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phase, and to provide a high flame temp- clearly show that ignition of solid fuels
erature for ignition and combustion of under no crossflow conditions occurs in
particles. the gas phase rather than on the fuel

surface. Following ignition, the flame
In a numerical study of 4 solid fuel front propagates toward the surface thus

combustion, Jarymowycz et al. solved a increasing the heat transfer to the
comprehensive model with finite-rate surface and enhancing the heterogeneous
chemical reactions for a hydroxyl.-termin- reactions on the surface. The heterogen-
ated polybutadione (HTPB) solid fuel under eous reactions cause more tuel "o pyr'.7yze
supersonic crossflow conditions. The and feed additional fuel-r-ich species to
model predicted steep transverse concen- the gas-phase reaction zone. When a low
tration gradients of oxidizer and fuel- speed crossflou was supplied to a region
rich species in the diffusion flame zone. directly above the sample, ignition was
In addition, there was a substantial observed in both the gas-phase and on the
concentration of fuel-rich species which fuel surface with intensified heteroqen-
remained unreacted at the exit plane of eous reactions on the surface. Comparing
the combustion chamber, indicating the these results to those obtained under no
importance of mixing between the free- crossflow, the addition of crossflow to
stream oxidizer and the fuel species. the region above the fuel surface caused

the boron to react much more vigorously
Schulte et al.. made concentration resulting in increased heat feedback to

measurements for the combustion of PE in a the surface and the achievement of self-
solid fuel ramjet (SFRJ). They found that sustained combustion. In similar cross-
at an axial pcsition downstream of the flow tests performed with HTPB samples not
combustor entrance, z/D - 0.6 (where z is containing boron, only gas-phase reactions
the axial distance in the streamwise were observed, and self-sustained combus-
direction from the step and D is the fuel tion could not be achieved. This idi-
port diameter), the oxygen concentration cates that the heterogeneous reactions on
was on t~he order of 1 to 3 percent by the surface, caused by the addition of
volume. The oxygen concentration varied boron particles, enhance both the ignition
significantly in the radial direction, and combustion proceases.
reaching 21 percent in the core of the
freestream. At positions farther down- Combustion of boron/HTPB, carbon
stream, z/D-10.0, the oxygen concentration black/HTPZ, and boron mixed with an
in the core region dropped to 14 percent, energetic copolymer, 3,3-bis(azidomethyl]
indicating the occurrance of gas-phase oxetane and 3-nitratomethyl-3-methyl
reactiona. It was concluded that the oxetane (EAMO/AOMMO), were studied by
combustion processes in the recirculation Snyder et al.8 under high-speed crossflows
zone take place mainly in the shear layer at one atmospheric pressure and a free-
adjacent to the incoming air flow. In the streea temperature of approximately 500
redeveloping boundary layer downstream of K. Under these conditions, the HTPB-based
the recirculation zone, the flow could be fuels exibited poor ignition chAractezis-
divided into two regions: a colder air- tics. Solid fuels containing 50 percent
rich zone in the core and a zone of com- boron were ignited; however, combustion
bustion products and fuel-rich species was limited to the recirculation zone
closer to the wall. These two zones were immediately behind the rearward facing
found not to mix completely which empha- step. Several bright spots were observed
sizes the need for proper mixing. downstream of the reaction zone on the

surface of the sample indicating localized
S-•hadow and Gutmark 6 investigated heterogeneous reactions. Tests were also

several different means of enhancing the performed on HTPB solid fuel samples with
mixing process in a simulated SFRJ using the addition of small amounts of carbon
artificially induced pressure oacilla- black to prevent in-depth radiative
tions. Their results indicate that the heating. Results show that the carbon
temperature inside the combustion chamber black/HTPB samples could not be ignited
can be maximized by enhanced mixing. The even in the recirculation zone, and there
inherent effect of solid fuel composition were no signs of heterogeneous reactions
on the combustion process and the sites of on the surface of the solid fuel sample.
chemical reactions is also important. Based upon the comparison with boron/HTPB
Gany and Netzer 3  suggested that as the fuels, it was concluded Mat 'oron ,par-
concentration of volatile ingredients titles can considerably enhance the heat
decreases through the increased loading of release rate and consequently increase the
metallized powdars, the gas-phase reac- energy transferred to the surface for
tion3 Lecome less intense and play a less pyrolysis.
important role in the combustion process.
This indicates that the heterogeneous Stable combustion of BAMO/ZMHO-based
reactions on the surface become more solid fuels were achieved under relatively
important as particle loading increases, low pressure and temperature conditions.

These fuels were readily ignited under one
The relative importance of the heter- atmospheric pressure and 500 K freestream

ogeneous reactions have been studied by temperature because of the lower pyrolysis
Snyder et al. 7 using a CO2 laser as an temperature and the presence of nitrates
energy source for ignition. Results from in the chemical structure. The average
laser ignition of HTPB with boron powders regression rate of BAMO/NMZO was found to
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be 0.67 mm/sec and increased to 1.05 and burned with propane in the vitiator at
mm/sec with the addition of 17.6 percent an air/fuel ratio of 8:1. The hot gages
boron, showing the effect of boron in the reach a maximum temperature of 1000 K ir
combustion processý the settling chamber, then pass through a

converging-diverging nozzle which accel-
Based upon the above studies, several erates the flow. The wind tuvniel is

parameters have been found to signifi- capable of providing vitiated air with a
cantly aZffct the combustion processes static pressure range of 0.1 to 0.62 MPa
inside SFRJ cotbustors: I) ratios between in the test section at a Maca number of
the fuel port area, inlet area, and exit 1.5. During subsonic operations, an
throat area; 2) inlet air temperature and adjustable nozzle downstream of the solid
pressure; 3) freestream vslocity and fuel sample controls the pressure inside
turbulence intensity; 4) composition of the test section. The maximum flowrate
solid fuels and; 5) the type and size attainable is 8 kg/s with a duration of
distribution of solid particles added to four minutes at the highest pressure.
the solid fuel.

Pressure and temperature measurements
The objectives of this paper are: are taken in the settling chamber, uptream

of the converging-diverging nozzle, in the
1. To determine the effect of combustion chamber inlet, and downstream

boron addition (from 0 to 50 of the solid fuel sample. Steady flow
weight percent) on the ignita- conditions are achieved using a feedback
bility and regression rate of control loop between the pressure trans-
hSTPB-based solid fuels. ducer in the settling chamber and a

pneumatic ball valve. An IBM PC/AT
2. To determine the effect of computer records all the temperature and

freestream temperature and pressure measurements for the duration of
pressure on the ignitability each test.
and regression rate of solid
fuels. The high temp•--ature flow enters the

combustion chamber through the rectangular
3. To obtain experimental results inlet measuring 3.18 cm in height and

as a database for future model 10.16 cm in width. The solid fuel sample,
validation of solid fuel (15.24 cm in length, 5.08 cm in width, and
burning under high-speed, high- 3.18 cm in height), is placed directly
enthalpy crossflows, behind a rearward facing step forming a

step height of 1.27 cm. This corresponds
11. ZXPERIMENTAL APPROACH to a fuel port height to inlet height

ratio of 1.4. The combustion chamber
Blowdovn Wind Tunnel temperature and pressure measurements are

taken at the locations shown in Fig. 2.
r•l 4 Temperature profiles in the subsurface,

surface, and gas-phase regions of the fuel
sample are determined from two embedded
thermocouples located 4.60 cm from each
end of the solid fuel and 1.90 c= from the
initial sample surface. The thermocouples
are molded into the solid fuel samples

Station. during the curing process.
I Mir Storage Tank,
2 Pneumatic Ball V ITO

3 Vitiator L Tn~J2 A" P=Z (-3M. LU
2. Fr~sungJ- AMI ZWM R-I83. )

4 S•etlln Chamber ". =M ¶ O A (Tar?.
s. IUMWZl- lTM =MTWI (21

5 Convir•mg-Dlvergtng Nozlzle -aMIMUI- Tt c 3 ta.a C .I

6 Comhuttion Chamber Irdte (Aft Nozuzle)
7 Test 3e:tlon (Fuel Sample)

8 , •ow tmtr*&= Adjustable NozzlJerig. 1 S =emtic diagram of high-enthalpy Me 3 .

blowdownindra Adunnabe l~alenl i $-8a--

In order acquire a basic under-
standing of the physical and chemical
mechanisms involved in the combustion of
solid fuels under high-speed crossflows, a "L r- U o.JMA=
high-enthalpy blowdown wind tunnel was U,- w s M,
constructed and is shown schematically in 5 8".37

Fig. 1. The wind tunnel utilizes com- "

pressed air from two large air storage

tanks having a combined capacity of 72 Fig. 2 Schematic diagram of combustion
cubic meters and a maximum pressure of 4.9 chamber showing pressure and tamp-
MPa. Air from these two tanks is mixed erature measurement locations
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Solid Fuels using an image processor. The system
consists of an X-Ray source, image inten-

The solid fuels of interest in this sifier, and video camera which viewed the
study include: (1) HTPB with various fuel through two side windows on opposing
percentages of boron powder (ranging from sides of the test section as shown-in Fig.
0 to 20 percent) made at the Pennsylvania 3. A direct video was used to capture the
State University; (2) boron/HTPB (50/50) tcop view of the solid fuel through a
manufactured by the United Technologies/ quartz window for studying the surface
Chemical Systems Division (UT/CSD); (3) ignition, flame spraading, and combustion
high density hydrocarbon solid fuels processes. A third video camera recorded
supplied by the Naval Weapons Center (NWC) the exit plume from the combustion
and; (4) hTPB with boron and aluminum or chamber.
magnesium powders processed at Penn State
University. Amorphous -oron powders added III. EXPERIMENTAL RESULTS AND DISCUSSION
to the solid fuel have a 99.9% purity, 325
mesh, and 0.5 micron mean diameter. In High-speed crosaflow tests were
this paper, only types 1 and 2 solid fuel conducted with combustion chamber static
results are reported. pressures from 0.26 to 0.55 MPa and free-

stream temperatures from 620 to 1040 K.
Icniter The high-enthalpy vitiated air entered the

combust7ion chamber at flowrates ranging
To achieve ignition of the solid from 1.3 to 2.3 kg/s and mass fluxes

fuels, a pyrophoric liquid, triethylborane ranging from 41 to 70 g/cm2 s. Figures 4
(TEB), was injected into the recirculation and 5 show typical temperature- and
zone. A stainless steel tube having an pressure-time traces recorded from a test
outer diameter of 0.318 cm was extended firing with a boron/HTPB (10/90) solid
slightly above the sample surface to fuel sample. The onset of solid fuel
inject TEB parallel to the top surface of ignition is characterized by a spike in
the sample, at an angle approximately 60 the temperature-time trace of the test
degrees from the flow direction. TEB was section B thermocouple as ahown in Fig.
turned off after the attainment of self- 4. The temperature spike is believed to
sustained combustion. The injection time be caused by the spontaneous ignition of
was usually on the order of one second. the accumulated fuel-rich species
In some cases, the solid fuel sample pyrolyzed from the fuel. Combustion of
ignited without the injection of TEB, but the solid fuel, which lasted approximately
this was highly dependent upon the free- 50 seconIs, is evident in the temperature-
stream conditions and fuel composition. time traces which show a significantly

higher temperature in the test section
Real-time X-Ray Radiography and Video than that in the aft nozzle location. The
System abrupt drop of the temperature near the

end of the test run was caused by the
esutdown of the wind tunnel.

it 1200.

I-RAT 1100 teat8Pectims00

16000
:ZAD~~&A rut;',••, le Sample

TM uA , I I I I.l
COULaATOXR 500 .DD('

X-RAY 400- A-RAT 00
2/ 7= L40 50 60 70 80 90 100 110 120 130 140 150
!O2UW% SVU T=M (see)

Fig. 3 Schematic diagram of the Real-time Fig. 4 A typical set of measured temper-
X-Ray radiography system for ob- atare-time traces
taining the fuel sample regression
history Figura 5 shows three separate

pressure-time traces measured from the
The burning phenomena of the solid settling chamber, aft nozzle, and test

fuels were studied using direct photog- section locations. As shown in the p-t
raphy and real-time X-Ray radiography. traces, the onset of solid fuel ignition
The X-Ray system was used to observe the caused a small abrupt increase in each
instantaneous contour of the solid fuel pressure reading. Following ignition, the
sample. Through its time variation, the pressure is steady throughout the duration
regression rate of the sample was deduced of the test firing.
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0o .. 1 oo exhibited a faster regression rate with
"q ..... 90 increasing axial distance from the rear-

0-.0 80 ward facing step. The increased regres-0.770o.o!i: ...- ":•-( • seen rate in the downstream region is

&K sove tn believed to be caused by the enhanced heat
S 0.50 -60 W feedback from the diffusion flame zone in

X 0.40 50 m addition to the increased pressure caused
n0.30" 40 by the forward facing step. The amoutt of

(, 0.30,saw ,," 30 •* heat release in the diffusion flame zone
a. 0.20 0.. 34.rvHT73(10/O .0) increases with axial distance, since the"" .2 - 'r•o 20 "-

0.10An N..a N. 0 majority of the pyrolyzed fuel-rich0.o• ••-•tw.o 0 species are transferred to downstream

0.00• 0 locations by the shear flow before
40 50 60 70 80 90 100 10 120 130 140 150 chemical reactions occur. This implies

TIME (sec) that larger amounts of fuel-rich species
are reacted near a downstream location

Fig. 5 A typical set of measured pres- than at an upstream station. Thus, the

sure-time traces heat release in the diffusion flame is
higher in the downsteeam region.

A series of instantaneous surface
contours obtained from the x-Ray radiogra- ,! .

phy system for boron/HTPB (10/90) solid
a /IITFB (0/100)1 780K .43 MPG

fuel is shown in Fig. 6. The first 2.8 cm 8 -/5VB (5/995) I 7,0K .53 UPa

of the solid fuel surface was not in the B/ -/HTe9 10/0)1 760K .44 We
X-Ray viewing area and therefore the 8 1-91/ (15/a5)1 830K 55 UP.

surface contours are not plotted in this 1 0-a/HTU o0/5o0 780K .7 XP.

region. Following ignition, the solid
fuel surface contour is plotted every 5 0.60

seconas. surning rates were deduced at
four axial positions located at 3.0, 6.0,
9.0, and 12.0 cm from the rearward facing -a 0.54
step, an indicated in Fig. 6. As the a

solid fuel, burns, a forward facing step is E
formed near the downstream end of the .9 0.4,
solid fuel. This introduces a locally
high pressure region, which enhances the
heat transfer to the solid fuel; thus, the 0.30
downstream surface regresses faster. F
Because of the change in the flcwfield -
near the downstream portion of the sample
surface, only the first 15 to 25 seconds 0.20

of the regression history was used to
determine the burning rate of the solid
fuel. 0.10

0 3.0 6.0 9.0 12.0

DSTAC__ FROM STEP (cm)
flow

Fig. 7 Burning rate versus axial distance
so -for HTPB-based solid fuels with

L " I0MPATvarious percsntages of boron
1.27 -1, I /loading

Figure 7 also shows the effect of
L boron weight percentage on the burning

rate. The addition of 5 and 10 percent
boron to HTPB caused the burning rate to

I am 3=30 increase over the entire surface; however,
Vm --W further increase of boron loadings to 15,

"am• 20 and 50 percent results in a decrease in
U JO1JlEMM MHOI' the regression rate. For a more explicit

illustration, the regression rates are
Fil. 6 Instantaneous surface contours also plotted in Fig. 8 as a function of

obtained from the real-time X-Ray boron percentage. This figure clearly
radiography system shows that the sample with 10 percent

boron loading has the highest regression
Figure 7 shows the axial regression rate. The initial increase in regression

rate distributions for several HTPB-based rate with boron loading is believed to be
fuels with various boron loadings. The caused by two factors. One is due to the
corresponding aft-nozzle freestream temp- heat feedback from the boron particle
erature and pressure for each test are reactions in the flame zone, which
tabulated with temperature and pressure increases the heat feedback to the sample
ranging from 730 to 830 K and 0.37 to 0.55 surface. The other factor is dua to the
MPa. respectively. All of the solid fuels increase in radiation absorptivity of the
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Fig. 8 Burning rate versus boron percen- 3.0 6.0 9.0 120

tage at four axial locations DLTANCE FROM STEP (cm)

Fig. 9 Effect of freestream temperature
on the regression rate of HTPM

fuel sample with boron loading. The solid fuel
decrease in regression rate beyond 10
percent boron loading is attributed to
several factors. When boron particles are increased convective heat transfer, the
ejected from a highly-loaded fuel sample, gas-phase reaction rates are much faster
they absorb a significant amount of heat at elevated temperatures.
from the flame zone and reduce the local
flame te-perature, known as the "heat Figure 10 shows the freestream
sink" effect 9 ; thus decreasing the heat pressure effect on the burning rate of
feedback to the sample surface. A large boron/RTPB (10/90) fuel. Increasing the
number of particles ejected with pressure from 0.26 to 0.44 MPa causes the
pyrolyzing gases from the sample could burning rate to increase substantially.
effectively shield the heat feedback to Two mechanisms could be attributed to the
the surface. Accumulation of unreacted enhanced burning rate at higher pr*A-
boron particles on the surface of the aures. First, the gas-phase kinetics are
sample could also cover the HTPB fuel faster, thus shortening the flame standoff
surface and reduce the pyrolysis rate. distance above the fuel surface and
Futhermore, highly boron loaded samples enhancing the heat feedback to the fuel
contain loss percentage of HTPB for surface. Second, the increase in oxidizer
pyrolysis, consequently diminish- partial pressure promotes additional
ing the heat release associated with gas- reactions with the fuel-rich species and
Dhase reactio,.-. with the condensed phase particles that

are ejected from the sample surface. This
FiTure 9 shofas the influence of results in a higher flame temperature and

freestream temperature on the regression greater heat t-ansfer to the fuel surface
rate of an HTPB sample without boron. All which increases the pyrolysis rate of the
tests were conducted at a constant preas- solid fuel.
sure of 0.43 MJPa. At 620 K, the fuel
sample failed to achieve self-sustainod Figure 11 shows a temperature profile
combustion. At this temperature, the for HTPB Solid fuel measured from si a-
sample ignited momentarily when the bedded R-type thermocouple. The ther-Ao-
pyrophoric liquid was injected above the couple bead is located 109 mm downstream
sample; however, the sample extinguished of the rearward facing step and 19 mm
after the igniter was turned off. beneath the initial sample surface. After
Ignition and self-sustained combustion of Jqnition, the fuel sample begins to
the solid fuel was attained at temper- regress, thfreby shortening the distance
at•urs of 780 and 1040 K. Under these between" the gas/solid interface and the
conditions, flame spreading occured almost thermocouple bead. When the fuel burns
instantaneously over tha entire fuel down to the location of the thermocouple
sample. The burning r.-€ 4r£..reased with bead, an interfacs temperature of 650 K is
the increase in freestru~n t.operature due obtained. With further regression, the
to the enhanced convecti,•a heat transfer gas-phase tennerature including the diffu-
to the fuel surface which allowed addi- sion flame temperature were obtained. For
tional fuel to pyrolyze and react in the this particular test, with HTPB burning at
diffusion flame zone. In addition to the a freestream pressure of 0.43 MPa and
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Thersoqravixetric analysis (TGA) of

| r Tow. p HTPB at a heating rate of 70 deg/min
indicates thiat the solid fuel begins to

*-B/HWD (10/fo) 780K .4u decompose around 600 K and reaches a
-S9/WM3 (1o/1o) 70oK .26 maximum %s.ight loss rate at approximately

780 K1 0 . The measured surface temperature
0.60 of approximately 650 K, lies between these

two temperatures.

0.50. Iv. CcnCLUSIONS

The ignition and combustion charac-
0.40 teristics of HTPB solid fuels with various

percentages of boron loadings have been
ZC studied under high-speed, high-enthalpy

crossflows. All of the solid fuels tested.3 exhibited a faster regression rate with
a .increased distance. from the rearward

facing step. The increased regression
020 rate in the downstream region is caused by

enhanced heat feedback from the diffusion
flame zone which supplies more heat to the

0.10 sample surface as the axial distance
3.0 6.0 9.0 Mzo increases.

DUSTACE FROM STEP (cm) The addition of small percentages of
boron to 1TPB solid fuels significantly

Fig. 10 Effect of pressure on the regres- enhances the ignition and combustion
sion rate of boron/HTPB (10/90) characteristics of the sample. The
solid fuel regression rate was foatnd to increase with

boron addition up to 10 percent. Further
addition of boron causes the regression
rate to decrease. The initial increase in
regression rate with boron loading is
believed to be caused by increased heat

ra U,•n HM feedback to the surface from boron par-
-3.0 T ticle reactions and increased radiationE ..3 absorptivity of the fuel surface. The: decrease in regression rate with high

2.0 boron particle loading is attributed to:S•.-•- /1) boron particle heat sink effect in the
gas phase which reduces the flame temp-

I/ eratura; 2) shielding of heat feedback to
the surface by a large number of boron
particles above the surface and; 3)

I I reduced pyrolysis caused by the accumu-0.51 lation of unreacted boron on the surface

0 0.0' 6K and decreased gas-phase reactions due toUK= S I the smaller percentage of HTPB contained
in the ;ample.

Z , r ••.egression rates of the HTPB-
based solid fuels were found to be aers o aeso h TB
strong function of the freestream temper-
ature and pressure. Regression rates
increase with temperature because of2 .0, .. .increased convective heat transfer and

%WN la %a Is 1"0•••m•m faster gas-phase reaction rates.
TVERATURE (K) Increased regression rates with pressure

are attributed to faster gas-phase
kinetics and additional reactions caused

Fig. 11 Measured temperatures as a func- by the increase in oxidizer partial
tion of vertical distance from pressure.
the HTPB fuel surface
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CHAPTER 2

CO. LASER PYROLYSIS AND IGNITION

I. Introduction

The pyrolysis and ignition behavior of a solid fuel must be characterized and well

understood before it can be implemented in a practical ramjet engine. However, the

heterogeneous nature of solid fuels normally employed in ramjets complicates the ignition

phenomena. The thermal, chemical, and physical properties of individual constituents and their

interaction with each other are of particular interest. Despite the many studies conducted in the

field of ignition, the understanding of the pyrolysis and ignition of solid fuels for ramjet

applications remains incomplete.

In order to fully utilize the advantages of the ramjet design, a high volumetric heating

value of the solid fuel is essential. Elemental boron exhibits the highest volumetric heating value

at 137.5 kJ/cm3. Solid fuels or fuel-rich solid propellants containing boron are therefore very

attractive. However, the high melting point (2450 K), high boiling point (3931 K), and protective

oxide layer that encases the boron particle cause serious ignition and combustion efficiency

problems. In contrast, magnesium burns easily because of its relatively low melting and boiling

temperatures (923 K and 1378 %'. . s,. ,ctively) and its oxide layer is porous, thus presenting no

significant r6sistance to oxidatiorn of -.,e Mg particle. The major drawback of using Mg in a ramjet
fuel is its relatively low heating value (43 kJ/cm3); however, considering the fact that it offers high
combustion efficiency and low cost, it is still a desirable fuel for ramjet applications. Moreover,

for a solid ducted rocket application, the mixing and burning of fluorocarbons with magnesium

produces a mucri higher volumetric heating value than for oxidation of Mg by 02 due to the high

heat of fluorination of magnesium (80.5 kJ/cm3).

Currently, the most popular binder used in solid fuels and conventional solid propellants

is hydroxyl terminated polybutadiene (HTPB). Its many advantages include low cost, reliability,

good pocessibility, tough mechanical properties, and long aging life. It has a heating value

comparable to that of normal hydrocarbon fuels. When it is burned with boron powder, some

pretreatment of the boron particles or addition of special combustion aids is required in order to

attain good combustion efhiciency. Recently, novel highly energetic polymeric binders based on

azido and nitrate ester functionalized oxetanes have been synthesized, e.g., 3,3-bis(azido methyl)

oxetane (BAMO) and 3-nitratomethyl oxetane (NMMO). These energetic materials provide good

combustion efficiency and are promising solid fuels, but possess certain properties that may limit
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their ramjet applications, as described in Chapter 1. Nevertheless the high energy potential of

azido and nitrate groups can generate extremely high heats of combustion, and the evolved

highly dynamic gases enhance the burning of the boron particles.

Th-e laser is a desirable energy source for fundamental studies of the ignition behavior of

pyrotechnics, solid fuels, and solid propellants. It offers the advantages of precise control of

heating time. enorgy flux, and spot size on the material surface. Ignition behavior can be directly

related to material properties and sample composition under such precise test conditions. A

high-power CO= laser also allows for continuous wave heating at high levels of energy flux similar

to ensrgy levels found in !arger igniter systems and in propulsive devices.

The overall objective of this research was to investigate the pyrolysis and ignition behavior

of several solid fuels for use in ramjet applications. Specific objectives were: (1) to measure

ignition delay times as a function of heat flux, solid fuel composition, and testing environment;

(2) to investigate the luminous plume evolution and gas-pl- 3e dynamics with high-speed video

photography and schlieren flow visualization; (3) to measure temperature profiles In both the gas

phase and condensed phase; and, (4) to analyze gaseous product species.

I1. Experimental Approach

A schematic diagram of the overall experimental setup is given in Fig. 2.1. The energy

source is a C02 laser capable of 800 W of continuous wave power. A nearly uniform beam

profile is obtained by using a mask with a 7 mm aperture to select the most uniform portion of

the beam to irradiate the sample surface. A masked calorimeter was employed to measure the

actual heat flux at the sample location. The solid fuel samples were tested within an aluminum

test chamber that was =25 cm on a side. The chamber had two schlieren windows installed in

opposite sides and a potassium chloride window in the top of the chamber for laser beam

entrance. The pressure and gaseous composition of the initial chamber environment were

controlled using a vacuum pump, a pressure/vacuum gauge, and an inert gas supply system.

For gaseous species analysis, a smaller Plexiglass test chamber 10 cm long and 5 cm in

diameter containing a septum port for syringe sampling was used. A schlieren flow visualization

system was employed to investigate the gas phase dynamics (see Fig. 2.1). Both direct images

of the flame structure and the schlieren images were recorded with a Spin Physics 2000 video

recording system capable of 12,000 pictures per second. The controller permits simultaneous

display of both direct and schlieren images, allowing direct comparison of the flame structure

dynamics and gaseous evolution. High-resolution spatia; measurements can be made with the
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"on-.screen reticle system. A near-infrared photodlode that .ionses emission in fhs ravge 0.35-

1.15 I±m with peak sensit It at 0.9 pjm was used to measure visible and near-IR emission from

which Ignition delay times were obtained. The photodiode was mounted at a radial distance of

7 cm from the sample and about 2.5 cm from the laser beam centerline and aimed directly at the

sample surface.

COHERENT SUPER 48 LASER BEAM

CO2 L.ASER

"r MASK

m SPIR-PHYSICS VACUUM PUMPFj2.000 SYSTEM /

GAS 0

L IPORT

_.. .__ SAMPLE
/- -/

PAIIAeOLIC MIRROR .c --. _ PARA8OLIC

- ~ PHOTODIODE

NICOLET IBM-PC
OSCI LLOSCOPE MICROCOMPUTER

Figure 2.1. Experimontal setup for laser-nduced pyrolysis and Ignition research

Temperature measurements were made with 25 pm and 50 prm diameter R-type thermocouples

constructed of platinum and platinum/13% rhodium wires. For some of the solid fuels,

condensed-phase temperature profiles were obtained by embedding the thermocouples in the

fuel sample. The thermal diffusivity of several fuel samples was measured using the laser flash

method.

Gaseous species analysis was achieved by using a one milliliter syringe to take gas samples

from the small test chamber and inject them into either a Varian 3700 gas chromatograph or a

Hewlett Packard gas chromatograph/mass spectrometer (CG/MS). The GC columns employed

included a Porapak Q&R column for general species analysis and a Carbopack 13,15% Flourcol

column for analysis of fluorinated compounds.
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Data acquired using the photodiode and the fine-wire thermocouples were recorded with

a Nicolet digital oscilloscope with the thermocouple signals being amplified before transfer to the

oscilloscope. The data was then transferred to a computer for processing and then to a printer

for plotting.

Numerous solid fuels were tested and their compositions are listed in Table 2.1. The B-

HTPB and BMT solid fuels were processed at the High Pressure Combu3tion Laboratory at Penn

State University. The method of fabrication of the BMT samples was addressed by Fetherolf et

al. (Appendix 2,1). B-HTPB fuels with a 50/50 composition were processed by Chemical System

Division, United Technologies. The MTV, NWC-1, NWC-2, NWC-3, M096, and M096T solid fuels

were supplied by the Naval Weapons Center. The B-BN fuels were provided by Aerojet

Propulsion Company.

Table 2.1. Compositions of Solid Fuels

Solid Fuel Metal Primary Binder 7Various Additives
,'I

B/HTPB Boron HTPB 1%Mg, Mg/Al, CeF3

B/BN Boron BAMO/NMMO

MW Magnesium PTFE Viton A

BMT Mg, Boron PTFE

NWC-1 - HTPB Carbon Black

NWC-2 - HTPB, PCUD PCUD

NWC-3 - HTPB, Zecorez Zecorez

M096 Magnesium i HTPB BC, Comb. Aid A

MO96T Magnesium HTPB, PTFE B,C, Comb. Aid B

The ignition criterion used for measuring ignition delay times was first light emission as

observed with the photodiode. It is important to note that this criterion does not always indice

the onset of ignition leading to self-sustained combustion. The MTV materials and the

B/Mg/PTFEn materials with above 10% boron content were the only samples tested that

consistently sxhibited self-sustained ignition.
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Ill. Results and Discussion

A. B/HTPB Solid Fuels

The ignition delay behavior of saveral boron/HTPB fuels containing weight percentages

of 1, 10, 20, 30, and 50% boron have been investigated. The effects of adding 10% Mg, Mg/Al,

or CeF3 in a 30/60/10 mixture of a B/HTPB/Additive composition were also studied. Details of

this study were reported by Snyder et al. (Appendix 2.2). Gaseous species generated by

pyrolyzing a pure HTPB binder were analyzed with a GC/MS in order to determine the major

decomposition product species.

Figure 2.2 exhibits the ignition delay behavior of the B/HTPB solid fuels as a function of

boron weight percentage and incident heat flux. For all tests, ignition was observe'd to take place

in the gas-phase region. Following gas-phase ignition, the combustion wave propagated back

down to the sample surface and enhanced the surface reactions. The delay time for first light

emission was observed to decrease as boron content increased up to 20%, after which the delay

time increased up to 50% boron content.

Figure 2.3 displays the effects of additives on the ignition delay behavior of,1 boron/HTPB

solid fuels. Magnesium and magnesium/aluminum powders showed a noticeable decrease in

delay time. The addition of cerium fluoride to the solid fual produced the most significant

decrease in delay time, especially at low heat fluxes.

The gaseous products from pyrolysis of pure HTPB were analyzed with a GC/MS and

Porapak Q and R columns in series. The major decomposition species were the monomer 1,3-

butadiene along with romatic compounds including benzene, to!uene, styrene, naphthalene, and

phenanthrene. These aromatic compounds are believed to play an important role in soot

formation. The post-test observation revealed the formation of a black residue, which appeared

in the shape of small agglomerated chains.

B. Boron-BAMO/NMMO Solid Fuels

Boron-based poly(BAMO/NMMO) fuel samples were also tested in the C02 laser

laboratory with boron weight percentages of 0, 17.6, 29, and 39.8%. Details of this work can be

fournd in Appendix 2.2. Figure 2.4 shows the ignition delay behavior as a function of heat flux

and boron corntent. The data from pure BAMO/NMMO ignition tests exhibited ran~dom delay

times for all heat fluxes. This random behavior is believed to be caused by the highly turbulent

nature of the pyrolyzed gases evolved; the active site for first light emission varied significantly
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Figure 2.2 Ignition delay behavior of B/HTPB solid fuel in air at one atmosphere
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Figure 2.3 Eff.cts of additives on ignition delay behavior of B/HTPB solid fuel
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Figure 2.4 Ignition delay behavior of B/BN solid fuels in air at one atmosphere
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froin test to test. When boron particles were added to the solid fuels, this random behavior was

eliminated. The delay time for first light emission decreased as incident heat flux increased for

all compositions. As the boron loading percentages increased from 17.6% to 39.8%, the delay

time increased slightly at low energy fluxes (below 300 W/cm2).

Figure 2.5 is a total ion chromatogram from GC/MS analysis of the gaseous products of

pure BAMO/NMMO copolymer pyrolysis in helium at one atmosphere. The most abundant

species Identified were N2, CO, NO, CO, N2 0 C C3H4, HCN,CCH., andCH 60. Most of the

species found In this study have been reported in the literature; however, formaldehyde, which

has been reported in other studies in large amounts, was not observed. This may be attributed

to the high reactivity and/or the susceptibility to degradation of formaldehyde. A sample of 30/70

B/BN was aiso burned under the same test conditions, and GC/MS analysis of the gaseous

products indicated similar major species were produced but in significantly smaller amounts. It

is believed that the boron ignites and bums vigorously with the pyrolyzed species to form some

condensed phase boron compounds which cannot be proper!y identified by the existing anaiysis

system.

C. Boron/MgqPTFE Solid Fuels

The combustion characteristics and C02 laser ignition behavior of boron/magnesium/PTFE

(BMT) solid fuels were studied be Fetherolf et al. (Appendix 2.1) as a function of weight

percentages of boron and Mg. All tests were conducted in air at one atmosphere. Density

measurements indicated that as the boron loading was increased the deviation between the

actual density and the theoretical maximum density (TMD) increased. Figure 2.6 indicates that

the ignition demay time decreased monotonically as either the heat flux or the boron content was

increased. Figure 2.7 shows that only samples with a boron loading >10% achieved self-

sustained combustion after removal of !aser heating, and as the boron loading was increased

above 10%, the burning rate decreased monotonically. The thermal diffusivity, measured by the

laser flash method, decreased sharply as the boron percentage increased up to 10% and then

decreased only siightly as more boron was substituted for Mg.

Several physicochemical processes were proposed to explain the ignition and combustion

behavior of the B/Mg/PTFE solid fuels. The decrease in ignition delay with an increase in boron

content was attributed to the absorptivity at 10.6 Irm wavelength of boron being significantly

higher than that of magnesium and also to the decrease in the thermal diffusivity of the solid fuel

with increasing boron content, which causes the incident energy to be more concentrated at the
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surface, thus producing a faster rise to the ignition temperature threshold. It is believed that the

above 10% boron loading decrease in burning rate is due to reduction In the near-surface flame

intensity (this flame is believed to be produced by the fluorination of Mg) and also due to the

boron particles evoled that are below their ignition temperature acting as "heat sinks" and

reducing the available energy at the fuel surface.

D. Mc/PTFgFfiton A Solid Fuels

In studies of the Mg/PTFE/Viton A (M1V) solid fuels, the effects'of heat flux, pressure: and

oxygen concentration have been investigated. The gaseous products of pyrolysis and

combustion for each constituent and for the MTV composite were also investigated with GC/MS

analysis. Details of this study can be found in Appendices 2.3 and 2.4. Figure 2.8 illustrates

the effect of heat flux on the ignition delay time for heating in air at 1 and 0.1 atmospheres.

Interestingly, at the lower pressure, the ignition times are shorter; this may be attributed to lower

pressure or to lower oxygen concentration. The oxygen effect was investigated by performing

tests at at, ospheric pressure using N/0 2 mixtures with varying oxygen concentrations. it was

observed that the ignition delay times decreased as the oxygen percentage decreased, indicating

that ambient oxygen has an inhibiting effect on the ignition process. This effect Is believed to be

the mechanism responsible for the pressure dependency in Fig. 2.8.

The gaseous decomposition species generated by PTFE pyrolysis In inert nitrogen were

analyzed with the GC/MS and a Carbopack B/5% Fluorcol column. The analysis showed a wide

range of saturated and unsaturated fluorocarbon compounds; the major common compounds

detected were the monomers C2F4, C0F, C=f, and C4F.. Analysis of the decomposition species

generated by Viton A showed that a wide variety of fluorocarbons similar to those produced by

PTFE were generated as were numerous hydrofluorocarbons. However, GC/MS analysis of the

gaseous products of combustion of the MTV material showed evidence only of several

hydrocarbons and CO and C02 for combustion in air, with no fluorocarbons detected. It was

concluded that the primary species of PTFE and Viton A pyrolysis are consumed by

combustion of the MTV material, forming undetected HF and solid MgF2 and carbon. These

condensed-phase products, along with MgO for combustion in air, were identified by an analysis

using a scanning electron microscope.

Tests were also conducted to determine the amount of laser beam ailenuation by the two-

phase pluma above a deflagrating MTV sample. The beam attenuation measuring instrument

developed for these tests and the experimental results obtained are discussed by Fetherolf et
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al. (Appendix 2 5). The results showed that upon ignition of the MWV sample, the amount of heat

flux passing ihroLgh the two-phase plume and heating the sample surface rapidly decreased to

zero with the laser beam being totally attenuated under steady-state combustion.

E. HTPB-based Solid Fuels

Ignition delay results were also obtained for five HTPS-based solid fuels received from

NWC. Figure 2.9 indicates that the delay times decreased monotonically for all five fuels as the

heat flux was increased. However, it was observeo that at heat fluxes above 300 W/cm2 , the two

fuels containing boron carbide, magnesium, and combustion aids had ignition delay times

approximately 50% shorter than the other three fuels containing carbon black, PGUD, and

Zecorez, which all exhibited very similar Ignition delay curves.

IV. Conciuslons

1. The delay time to first light emission decreases monotonically as the incident radiative

heat flux Increases for all solid fuels tested in this research.

2. Metal/binder compositions containing boron possess an optimum boron content value

for minimizing the ignition delay time and maximizing the burnmng rate. This is due to the

boron particles acting as "heat sinks"; that is, they do not attain their high ignition

tempeiature, and the energy available for reaction of the other material constituents is

reduced.

3. The addition of certain additives (such as Mg, Mg/Al, and CeFj) to B/HTPB mixtures

significantly shortens the ignition delay time.

4. The onset of Ignition occurs in the gas phase for all solid fuels tested.

5. MTV materials ignite quicker at lower pressures due to the reduction of the effect of

oxygen inhibition on the ignition process.

6. Mg reacts with the decomposition products of PTFE and Viton A in the MTV material to

energetically form MgF2.

7. The addition of B4C, Mg, and combustion aids to HTPB-based solid fuels substantially

lowered the ignition delay times at heat fluxes above 300 W/cm2.
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ABSTRACT

The combustion characteristics and CO2 laser ignition behavior of pressed
pellets oif boron/magnesiumPolytetrafluoroethylene (B/Mg/PTFE) pyrotechnic
maceria~ls of varying compositions have been investigated. All tests were con-
ducted in air at one atmosphere. Objectives of this study were to determine
ignition delay times as f unctions of incident energy flux and sample ingredi-
ents and to measure the burning rates of samples with different compositions.
Thermal dif fusivitlies of the pyrotechnic materials were deduced using a laser
f lash method. While fabricating the pellets, it was observed that as the boron
loading was increased, the deviation between the actual density and the t-heo-
retical maximum density (TMD) also increased. Experimental results indicated
that the ignition delay time decreased monotonically as both the heat flux and
the percentage of bo~ron increased. Only samples with a boron loading Ž! 10%
achieved self-sustained combustion. and as the boron loading was increased
above 10%, the burning rate decreased monotonically. The thermal diffusivity
of the materials decreased sharply as the boron percentage increased up to 10%
and thenm only decreased slightly as more boron was substituted for Mg. Near-
IR emissior, was found to be signif icantly higher for combustion of samples
containing 10% and 20% boron. As the percentage of boron was increased, high
f reqilnncy fluctuations observed the near- IR emission for low boron loadings
decreased. Very stable combustion was observed with the 35115/50 B/Mg/PTFE
pyrotechnic material.

INTRODUCTION

M~agnesium/Polytetraf luoroethylene (Mg/PTFE) and MgIPTFE/Viton A (MTV)
pyrotechnic materials have been studied in recent years f or use in many ap-
Dlicat ions such as rocket motor igniters [1. 2), base bleed igniters [3)I, and
flares (4. 5). Valenta (2) states that, "In many newer applications. MTV is
replacing such traditional pyrotechnic ignition compositions as black pow-
der, boron-potassium nitrate (B-KNO3). and Alclo (Al-KClO4) as the material
of choice for many pyrotechnic and pyrogen igniters. 1 Peretz [1) listed the
following advantages of Mg/PTFE pyrotechnics for use as igniter materials:
high energy content, high degree of saf ety in preparation, low temperature and
pressure dependence of the burning rate.* ease and low cost of igniter pellet
and grain f abrication, f avorable aging characteristics, and stable burning at
low pressures. Fetherolf et al. (3) have studied the ignition behavior of MTV
igniter materials for base bleed applications. They observed a thin primary
f lame zone attached 'co the burn-ing surf ace of the sample in both air and inert
gas environ~ments at one atmosphere. Kubota and Serizawa [6, 7) have conducted
experimental studies of the combustion of Mg/PTFE materials. They found that
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the burning rate increased monotonically as thp weight fraction of Mg parti-
cles increased due to the increase in heat feedback from the reaction zone to
the propellant burning surface. Ladouceur [4, 5) has studied the feasibility
of using an MTV material for flares in military applications. Taylor and Far-
nell 18] investigated a solventless process for manufacturing MTV pyrotech-
nic flares. Instead of being dissolved in acetone, the rubbery-like Viton A
was rotor-ground by a special technique and mixed with Teflon (PTFE) powder
to prevent the agglomeration of the ground powder. They claimed that the dry
powder mixes flowed well under high consolidation pressures to form strong
pellets and flares.

Boron is a very attractive ingredient for use in pyrotechnics and solid
fuels due to its high volumetric energy density. It has long been used as a
fuel in pyrotechnic delay train mixtures 19]. Numerous oxidizers have been
used in conjunction with boron such as KNO 3 , NaNO3 , Bi2 03, and CaCr0 4 to name
just a few. However, when used in practical applications, boron-based solid
fuels often exJhibit serious combustion inefficiencies and are difficult to
ignite.

Many researchers have conducted fundamental studies of the rather com-
plex and problematic ignition and c mbustion of boron. Macek [10) and Tal-
ley (11) conducted some of the early research on the combustion of elemental
boron. King has done extensive work on the ignition and combustion of boron
particles and clouds [12] and has also published a review paper [13). In 1984,
Faeth [14) prepared a very comprehensive review of the status of boron combus-
tion research. Hsieh et al. [15) have conducted an experimental investigation
of boron-based BAMO/N.2IO fuel rich solid propellants. They proposed an 'en-
.ergy sink' hypothesis to explain the observed trend of an increase in burning
raze up to a boron percentage of 20% after which the burning rate decreased.
This hypothesis sugge,;ts that above a certain level of boron particle loading
in the propellant, the particles may absorb a large amount of energy from the
reaction zone and thereby reduce the energy feedback to the sample surface.
Kuwahara and Kubota 116) investigated the role of boron in enhancing the burn-
ing rate of AP composite propellants. They found a significant increase in
burning rate by the addition of small amounts of boron with an apparent limit
in augmentation at 7.5% boron content. They found an increase in the temper-
ature gradient above the burning surface with the addition of boron and con-
cluded that the boron particles are oxidized by the decomposition gases of the
AP particles, increasing the heat transfer back to the surface, with a resul-
tat increase in burning rate.

Currently, there is very limited information available on ignition or com-
bustion studies of the combination of boron with magnesium or with a Mg/PTFE
formulation. Peretz 117) has presented some theoretical considerations of
metal-fluo:rocarbon compositions for ramjet fuels. In that paper, he refer-
enced work done by Zvulony. Levy. and Gany (18) where a 40/30/30 composition
of a B/Mg/PTFE solid fuel was studied in a solid fuel ramjet combustor. Peretz
stated that the fuel was consolidated into perforated cylindrical pellets
with a fuel density 93% of the TMD and that they obtvýined stable combustj3n
with certain configurations of the combustor. Tischer (19] has studied the
effect of entrained air in determining optimum flare compositions. He found
that as the amount of boron in a B/Mg/NaNO3 /Laminac flare composition was
increased, the adiabatic equilibrium temperature decreased monotonically.
He also concluded thpt the addition of small amounts of boron may influence
the color of the flare plume without degrading performance. Shidlovskii and
Gorbunov [20) have studied the combustion of PTFE with magnesium or boron at
pressures of 10-100 atmospheres in a constant-pressure bomb containing nitro-
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gen. They observed a very narrow, bright combustion zone for the burning of
a Mg/PTFE material and found that B/PTFE mixtures exhibited a broad, weakly
emitting flame zone without a bright combustion front. They used these ob-
servations to explain the burning rate behavior of these materials by stating
that the broad flame zone of the B/PTFE composition transfers less heat back
to the surface than the narrow combustion zone of the Mg/PTFE material, thus
producing a lower combustion rate for the B/PTFE.

Snyder et a!. [21) have investigated the effects of additives on the igni-
tion delay behavior of boron-based solid fuels. They found that the addition
of 10% Mg. Mg/Al. or CeF 3 particles to a B/HTPB formulation significantly low-
ered the ignition delay at lower heat fluxes but had no noticeable effect at
heat fluxes above 600 W/cm2 . Previous work by the authors (3) on base bleed
igniter materials indicated tlat the addition of boron to a Mg/PTFE formu-
lation in moderate amounts significantly enhanced ignition and combustion
behavior. They stated that further research was needed to quantify the com-
bustion enhancement due to boron addition, particularly the burning rate as a
function of boron content.

Thermal diffusivity (a) is an important parameter to be considered in
studies of the ignition and combustion of pyrotechnic materials. Hermance et
a!. (22) developed an elaborate model to determine the thermal properties in
a highly compressed pyrotechnic mixture consisting of a metal, salt. filler.
and voids having close to 100% TMD. Pierce and Leith £23) also presented a sim-
ple model of thermal properties in a hot-wire initiated pyrotechnic device
based on the heat diffusion equation with temperature dependent properties.
They discussed the trends of the thermal conductivity and heat capacity of a
.composite material as a function of the packing density. Parker et al. £24)
proposed a method for determining thermal diffusivities of materials termed
the laser flash method or flash diffusivity method. This method was employed
by Etter et a!. (25) to study a material composed of TiH0.rs and KCl0 4 . They
noted that varying the blend ratio affe eted the thermal diffusivity nonlin-
early, favoring the influence of the KCl0 4 which had the lower a value, ; 1/3
that of TiH06. 5 . Etter et al. also concluded that this method is well suited
for testing fragile pressed pellets and also requiLes only very small samples,
which is desirable when working with energetic pyrotechnic materials. Sny-
der et al. £26) also used this method to study the thermophysical properties
of metal-based solid fuels. They determined the thermal diffusivity of an MTV
material to be 1.6xi0-2 cm2/sec.

The use of a laser for Ignition studies of solid fuels, solid propellants,
and pyrotechnics provides the researcher with precise control of the heating
time and energy flux. Ostrowski (27) gave a comprehensive introduction in his
paper on laser ignition of black powder in which he references numerous stud-
ies where lasers were used as the energy source in initiation studies of solid
materials. The high-power C02 laser offers the advantages of continuous wave
heating aid a high level of beam intensity that simulates energy fliuxes found
in igniter systems and propulsive devices. The C02 laser has been employed by
numerous researchers in radiative ignition studies of solid fuels, solid pro-
pellants, and pyrotechnic materials.

The literature review presented in this introduction shows that extensive
research has been done on energetic materials containing magnesium, PTFE. and
boron, but that few studies have been conducted on compositions containing
all three of these ingredients. The overall objective of this research was
to investigate the combustion characteristics and C02 laser ignition behav-
ior of boron/magnesium/PTFE pyrotechnic materials as a function of the boron
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loading. Specific rdrzmeters o± interest included ignition- delay time, burn-
ing raze. thorma. diffuv~ivi° s, .teady-state and dynamic flame s-ructure, two-'
phase plumz evoluatin, and ae .nfra od emission of the reaction zone.

EXPERIMENTAL SETUP

A schematic diagram of th, , •mental setup is given in Figure
1. The radiative energy sourc,-_ a ;,cwer CO, laser capable of produc-
ing 800 watts of power in the co::4:cs wave mode and 3500 watts in the pulsed
mode with precise control of the lasing time and the power level. A beam pro
file with a relative uniformity of =15% across the pyrotechnic surface was
obtained using a mask with a 7 mm aperture placed ; 1 meter above the sample t:
allow only the most uniform center section of the beam to -rradiate the sur-
face. A masked calorimeter was employed to measure the actual heat flux at
the sample location. The samples were tested within an aluminum test chamber
that was ;.25 cm on each side. The laser beam entered the test chamber th.'ough
a potassium chloride window, which is ;97% transmissive to the 10.6 Jm wave-
length of the laser. Two high-quality glass windows were installed in oppo-
site sides of the chamber for schlieren *low visualization, and another window
in a third side provided optical access for direct photography of the flame
structure dynamics. The pressure and gaseous compositibn of the environment
within the chamber can be controlled using a vacuum pump. an oxygen analyzer,
a pressure/vacuum gauge, inert gas feed lines, and control valves. However,
all the tests conducted for this paper were run with initial conditions of one
atmosphere of pressure in static air.

A schlieren flow visualization system was employed to investigate the two-
phase Plume dynamics. A parallel light beam was directed .;v 15 cm parabolic
mirrors from a 100 watt continuous tungsten-halogen lamp through Zhe test
chamber zo a high-speed camera. The light beam is shaped and directed by a
rectangular aperture and a condensing lense at each end of the 'Z-type' con-
figuration. Both direct images of the flaze structure and the schlieren im-
ages were recorded with a Spin Physics 2000 video recording system. As seen in
Figure 1, the system consists of a controller, video monitor, and two camera
heads. The controller can display both the schlieren and direct image simul-
taneously, allowing direct comparison of the flame structure dynamics and the
plume dynamics. Maximum recording speed is 12000 pps, but speeds of 500, 1000.
and 2000 pps were employed to investigate the ignition and combustion phenom-
ena. The Spin Physics controller also has an on-screen reticle measuring sys-
tem that permits the user to make precise spatial measurements in both X and Y
directions. This featlre was used in conjunction with the schlieren image to
measure burning rates. A SONY CCD V-9 Camcorder was also employed to obtain
color images of the flame structure.

A near-infrared photodiode was employed to measure ignition delay times
and also to monitor near-infrared emission. The spectral response of the uho-
todiode is eyx.ibited in Figure 2. The photodiode was mounted at a radial dis-
tance of 7 cm from the sample and aimed directly at the surface. The output
signal was recorded with a Nicolet digital oscilloscope and then transferred
to an IBM computer for processing and printing on a Hewlett Packard laser-
printer.

A thermal diffusivity measuring apparatus was also fabricated. This ap-
paratus, based on the laser flash method (24] . consisted quite simply of a 75
Am rhromel-Alumel thermocouple mounted flat on a small plastic sheet with two
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weighted clips mounted on eithe.r side. A thin sample of the pyrjtechPn2 Itate-
rial was placed di.rectly on top of the therzocou.wle bead and the two weighted
clips were positioned just at the edge ei the top saxple surface to ensure good
sample,* to thermoccuple contact. The sainple was then, heated b:, a short laser
Pulse. The thermocouple or. the back: face of -.he sa=-ple produced a signal that
wasn fad to an oscilloscope for analysis and .ietorzinazion of1 -th-e thermal dif-
fusivity.

FE.LUT FABRICA~!C1I

Sam-',es --! the B/'NAg/?71F-t (,erea.as ~ ns.idtd n
pressed fel~ for zes!I~n.. The ird ~ s .s~i~ued magr.6Si= poader
of 225 mesh si-4ze and 9 .8'1 purlt:: F,.ant1 an~r re sin, of FITE Wit 1 a Particle 64 -
ameter- C! 13:; and t t....fc " ZV -;,re anorýP -s
particles -,4t.h a C. 1S,ý av.e~r'.cge.

The 4fabz:crticn pro~cess ~sbegi~n b~CoUt t*he W ampC~riat0 aZOUr.;S
of dry povwders c.1 each of the ns:~n~: ra~ ~ :td dimeter by i .27

c ength pe-lzsa 10C~ ' st2 ~:.z~ -. A:oeia .
~enh-o-diae~ezratio'. was C4'osen . o redUcs -the erta1of an-; signif-

canz lengthiwsa denrsit::- graiiert. T.he "rmo~ he ghy :e
ý.n a low rpm !uel bbeander. Thi pellets were -:nen cccnsolidated in ar. apparatus
co~neistits of a 2. 54 cm di a::eer steel 1 -- r 1. 2. c= lonz .-,ith a ý. 635 em hole
zhro-uh 31ts center serv.ing a&. the pe:llet zc~d. The bar .ýas clamped tight'-,,, be-
tw~een two thick ;.Iates -',it4h a opper gaskeit on .*-e* bctto= plate for sealing.
A aair~less s~ee- rod 0~.620 dmin~a:.e:ar ,. as ,. 5e d as th -rs in anr.
7h e=o-'d w as f 1 !'-ed -.;i - t h eyc- e:oto chn cmm == : t - ... n._4 pa -at

placed in a co~rmressn±cn testzer !cr :rrs;nz .AC£ae xe:e -.resst-d *=der
a max.mum forts :f £ý!C ;:frCClf-~cr ~ u n~ressure 0:
':40x106 kg/,: (40.000 ns± c Ahel:*rr :, c: t:.co m2.nut,-e3 w: zhen ezployed

:~r eztc~hins t*-,, Maxim.-- Cre~:e.;

Figu-re 3 displays týhe variation of -:.-La dni::frm;e theoreti-
:a. .xk- ders_-.t; 7:)as a f nof -_e~rr 'e rercentage Subs,-!

tue or ngaesi-an in thi pyrotechn~ic =ae:as The cons-1;.dation pressure
wats hold corst.ant at -the value giver. abov7e. S-.nca bsoro 'Pr, = 2.1'N S/c=3 ) ~
35% zv~re detse thn agnesium (pw., 74 &/c:m3N the ^/.O -Increases zonflor"ni
call- as boron is sub i,_tutea for a sinin -,ho fmuiaz:sn. tovever, ZThe
acu& den~sity. ias observed to decrease as t~he bo-ron :o-ading increased. The
tctual donsi ty Cdropped significantly :ih n a sma'l aodtl cr o" boron. up to

0%1- iO n Si an _ th e. t -e ved o.e ff0e a~ c~~: r: !~ c n. e a-.t va I
donsity **her. drcop ed significantly again for a =m~erxa! Y'Ath _E" boron and no
raselurz. I.t cam obv-iouq' conc!Luded that the subio~o fhron- icr-
Map a s iu Li gni f 4canty I the pacing ef ciency of -;he pyrotiechnic inz-
terial ever. lnder hish c-5 %ion -;ressurez.

It i s bel ieved that I-r:~t mayv te pa:-z-,ally :l~~ ty the 'soft-
ress ' f t~he 20 p: age.-- u., -ca er;," ;:hý zn)re r,.S:_ _.:c ron !: ro.-
particles. Under. the hagh consolidatilon ;,re:ssures. the zagnesi*= part.cies
wxil.- cotpact and ccn-f or= ,or2 re~d.ilv vuithim- the =iteria: =microstrac%,ure th'ax
the boron prritiles,. thu-s producIng a nore ef I c~ent, zach~ing.. Another reascr.
for this beha-ior was derived frox obsprvaticons b:- 7rarp and ý.inghaa '261 in a
paper on the zanuftctui q of co-.solidazed pyrctechnzc lpellets. They state
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Figure 3 Comparison of actual density and TMD of the pressed pellets as a
function of the boron content in the B/NMg/PTFE compositions

.that. "When pressing dry powders, significant effects of friction are appar-
ent due to (a) inter-particle friction, (b) particle to cylinder wall fric-
tion, and (c) friction during extraction." Considering item (a). the rigid-
ity of the boron particles relative to the magnesium particles produces an
increased amount of inter-particle friction as the boron loading increases.
Thus. the boron-loaded material cannot flow as well or pack as efficiently,
and will deviate more significantly from the TMD. Item (c) was clearly mori:
prevalent as the boron loading was increased as it became very difficult to
remove the rod from the core after pressing due to the impedance of the boron
particles. Also. a considerable increase in item (b) as the percentage of
boron is increased may reduce the actual force imposed on the sample and re-
duce the actual consolidation pressure with a corresponding reduction in the
actual density.

THERMAL DIFFUSIVITY CHARACTERIZATION

The laser flash method proposed by Parker et al. [243 was employed to de-
termine the thermal diffusivity as a function of the weight percentage of
boron substitnted for magnesium in the pyrotechnic formulations. Briefly. the
experimental procedure involves heating a thin sample with a short-duration
laser pulse and measuring the temperature rise on the back face of the sample
with a thermocouple. The temperature trace exhibits a slow ri3e and then lev-
els off to a steady value when the sample is uniformly heated. A simple rela-
tionship derived by Parker et al. [24] is tn.n employed:

,z = 0.139L 2 /t 1 /2

where L is the sample thickness and ti/2 is the time measured from the begin-
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ning of the temperature rise to 1/2 the maximum temperature. In this study.
1.5-2.5 = thick pressed pellets of the various compositions were used as test
samples. They were heated in open air with a 300-400 watt laser pulse of 1.5-
3.5 ms duration depending on the sample formulation.

The thermal diffusivity behavior of the B/Mg/PTFE pyrotechnics is given
in Figure 4. The graph indicates that the subszitution of small percentages of
magnesium with boron in the basic 50/50 Mg/PTFE formulation produces a drastic
reduc'cion in the thermal diffusivity. The trend levels off at a boron loading
of 101' and the addition of more boron up to 50% decreases the thermal difffusiv-
ity only slightly. The value of thermal diffusivity for the 50/50 Mg/PTFE f or-
mulation was aMT = 3.2x10- 2 cm2/sec. This value is twice the value obtained
by Snyder et al. [26] for an MTV formulation. The densities (p) of these two
formulations was PMT = 1.97 g/cm3 and PMTV = !.84 g/cm3 . It is believed that
the presence of a significant amount of Viton A in their MTV formulation is the
controlliiig factor producing the lower CMTV value, not the slight density
difference reported here.

Two explanations are proposed here for the trend observed in Figure 4.
First, the thermal diffusivity of magnesium (aMw = 0.876 cm2/sec) is about
eight times that of boron (aB = 0.114 cm2 /sec). Therefore, the replacement of
small amounts of magnesium with boron should have a significant effect based
solely on relative thermal diffusivities. and as the ratio of boron to mag-
nesium in the formulation increases, this effect will become much less pro-
nounced, producing a nonlinear trer.r overall. This agrees with the trer.d o1 -
served by Etter et al. [25] for a TiHo.65/KCl0 4 pyrotechnic material.

The second postulate is derived from the work of Pierce and Leith [23] .
Using properties of TiHo.65 and KC10 4 in their model, they presented a graph of
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Figure 4 Thermal diffusivity as a function of boron content in the
B/Mg/PTFE pyrotechnic materials
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the trends cf thermal conductivity (A) and heat capacity (C) versus percent
of theoretical maximum density (%TMD). The graph indicates that as the % TMD
decreases, the thermal conductivity strongly decreases and the heat capac-
ity slowly increases. Calculations made using this graph and the relation
a = A/pC showed that at a % •TD of 85%. the thermal diffusivity had dropped
12%. Figure 3 indicates that the 10/40/50 B/Mg/PTFE sample had a density 85.7%
of the TMD. and Figure 4 indicates that the thermal diffusivity of this sample
formulatioa had dropped 80% from the a value of the 50/50 Mg/PTFE sample. The
thermophysical properties of TiHo,6 5/KCI0 4 and B/Mg/PTFE materials have some
considerable differences, so a direct comparison of the a deviations at 85%
TMD for these two materials is not feasible. However..even though the magni-
tude o- the deviation in e at 85% TMID differs considerably, the trends coin-
cide as both a values drop a noticeable amount. Thus, the work of Pierce and
Leith [23) lends credibility to the conclusion that the trend observed in Fig-
ure 3. where the actual density drops considerably from the TMD up to a boron
pe-centage of 10%. plays a prominent role in the significant drop in thermal
diffusivity up to 10% boron content that is observed in Figure 4.

LASER IGNITION BEHAVIOR

Figure E exhibits the ignition delay behavior in one atmosphere of air of
five different B/Mg/PTFE pyrotechnics as a function of incident heat flux.
Most of the data points represent an average of several test data: average
values were used to produce a more concise and readable graph since the ig-
nition delay tests were quite reproducible and the data points at given condi-
tions were very close to each other (=8% maximum deviation). It is also impor-
tant to note that ignition of the 50/50 Mg/PTFE fonrulation was not sustained
after rcmoval of laser heating: thus, if ignition is defined as the onset of
self -sustaining combustion, then this curve must be noted as representing the
onset of laser-assisted combustion.

Figure 5 once again exhibits the trend that substituting small amounts
of boron for magnesium in the B/Mg/PTFE formulations has a dramatic effect
and further additions of boron above a certain level have a less significant
effect. It can be seen that the ignition delay time decreases as both the
percentage of boron and the incident heat flux increase. The ignition delay
curves f',r both the 35% and 50% boron formulations are almost exactly concur-
rent, implying that increasing the boron percenzage above 35' has almost no
effect in reducing the ignition delay times. It is also quite interesting to
note that the curves are roughly of exponential form. Due to the fact that the
high-power C02 laser employed in this research was unstable below a power set-
ting of about 130 watts. which corresponds to a heat flux of ;200 W/cm2. these
lower limits of ignitability could not be explored with the current experimen-
tal setup.

Two major factors could account for this trend of ignition delay as a func-
tion of tne weight percentage of boron substituted for magnesium. The first
factor is the significant difference in absorptivity of magnesium and boron at
the 10.6 um wavelength of the CO2 laser. Chen (29) reported that the available
literatu:e suggests that at this wavelength the absorptivity of magnesium is
lower than 0.25, but boron exhibits a very high absorptivity. Chen used FTIR
to investigate the absorptivity of boron/HTPB solid fuels at a 10.6gm wave-
length. Ht found the absorptivity of the polymer HTPB to be only 0.2203. but a
30/70 B/HTPB formulation exhibited an absorptivity of 0.7328. Thus. it can be
concluded that boron has a very high absorptivity at the 10.6 lm wavelength
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Figure 5 ign-ition delay as a function of incident heat f lux and 'sample
ingredients for ignition in air at one atmosphere

of the C02 laser, and the actual energy flux absorbed by the sample at a given
incident heat flux increases considerably as the weight percentage of boron is
increased.

The second factor accounting for the trend cbserved in Figure 5 is the
strong effect the thermal diffusivity of the test samples has on the thermal
wave profile in the subsurface region during the inert heating period prior
to ignition. As small amounts of boron are substituted for magnesium in the
composition, the thermal diffusivity decreases dramatically (see Figure 4).
Thus. the energy input to the sample surface cannot diffuse readily into the
solid material. The energy becomes increasingly concentrated at the sample
surface, inducing a rapid rise in surface temperature which quickly leads to
the attainment of ignition. By comparing Figures 4"and 5, it can easily be
conceived that the functional dependence of thermal diffusivity on boron con-
tent has a dominant effect on the ignition delay behavior of the pyrotechnic
materials.

COMBUSTION CHARACTERISTICS

The principal parameter investigated in evaluating the combustion char-
acteristics of the B/Mg/PTFE pyrotechnics was the burning rate of the test
samples. Samples were heated by thD C02 laser just long enough to produce ig-
nition so that the subsequent combustiosi behavior wou~ld be independent of the
laser heating. In order to obsezve s';eady-state combustion behavior beyond
the ignition period, ignition delay times o- the test samples were estimated
from both the previous work of Fetherolf et al. (3] and the ignition delay
data presented in Figure 5. The laser heating time was set as 1.5 times the
estimated ignition delay at the desired heat flux to provide a margin for test
variation. Thus. both a laser-induced ignition delay time as a function of in-
cident heat flux and a laser-independent burning rate were obtained from each
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periments wiere :-onducted -with sazplos c-3,.nn 1' 2. and 3". boron. and no
seilf-sustained deflagration was observed, Ever. if 'the iasing ti'Me was set at
sever&', times the estimated igniti*on dellay time, -.he samples would not sustain
deflagra-tion after removal o! 1ase.r heating. although a laser- induced burn-
ing zate could bea observ.ed. The trend see.-i Figure 6 as quize Lnteresz'.ng
in thet, zhe 10,140/50 B/VMgf?-FZ f ormialation which is cr, the border of t'he SSDL
also has the highost burning rate, and fu-rther add.,tion of boron, above the 1401%

loading causes Othe burning rate to dezrease oo~~

Figures 7a-7d display the near-ir.~rared emission, of focur dif !erenz
3/IA/PTFE :orPCsit:.ors upon igiiN.ote -,*A-It the :zime scalie of Figare 7a
is diffoerent fro= the other three f igures. It should also be -t-ted that the
nar-inirpare. emission inFigure 7a represents lazer-Induced cmb-ustion as

the laser :ez.ainied on for the duration. of that tes-t. Hiowever. the other t~hree
figures rapresent se2.fsustaino d co~bustion after a period of laser heati-ng
slightely longer than t~he Ignition delay oll th* sa~ple.

Several trends are evident from the netr-inr.!ared ezissior. -traces in, Fig-
ure 7. As discussed earlier ir. the paper. the langth of the igrLiticn delay
time decreases as *.the bcron- loadin; in1e5e0,-o high-ýrequency- f lu.- u-
ations are eviden~t in the traces, but the magnitiude of these fluctuations ap-
pears to decrease as The amount- of boron increases, suegest,;nn a more stable
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combustion with an increase in boron loading. This observation was also evi-
dent in the high-speed video images as both the two-phase plume and the flame
structure became more stable as the percentage of boron was increased. The
high-speed videos of burning of the 35/15/50 B/Mg/PTFE formulation displayed
a very stable combustion, and this stability is also evident in Fig. 7d where
the near-IR emission trace is nearly a horizontal line. Wasmann [30] has stud-
ied the pulsating burning of flares and deduced that the pulsations coula be
due to competing chemical reactions with opposite paths, competing physical
processes such as evaporation, heat flow, and heat accumulation, or a combina-
tion of both effects. It is conceivable that the pulsations observed in Figure
7 could be due to such competing processes.

It is also obvious from Figure 7 that the magnitude of the near-infrared
emission is significantly higher for the intermediate boron loadings of 10%
and 20% tL,, for the low or high boron loadings. In previous work by the au-
thors [3] euploying the same photodicde setup, the maximum magnitude of near-
infrared e-ission for the vigorous combustion of an MTV igniter/flare mate-
rial was :200 millivolts. 'herefore, it appears that the addition of inter-
mediate amounts of boron to a Mg/PTFE composition significantly augments the
near--infrared emission.

Figure 8 displays three images obtained with the Spin Physics high-speed
video systen. As is noted in Figure 8a, the left image is the direct view of
the flame structure and the right image is the schlieren view of the two-phase
plume. Figure 8a displays the on-screen reticle used to measure burning rates
and also to align the sample surface at the same initial height in both images.
The images were obtained at a recording speed of 1000 pictures per second. The
size of the image is ;1 . 5 times larger in the schlieren image thea. in the di-
rect image.

Figure 8a exhibits the steady-state burning of a 20/30/50 B/Mg/PTFE sam-
ple. The high-speed videos showed numerous, glowing, fine particles being
evolved from the flame. The particles are not clearly seen in this still mho-
tograph, but they comprise the 'haze' seen on both sides of the f lame stem
and their motion is quite evident in the high-speed movies. In the schiieren
image, the particles are clearly seen evolving from the dark gradients that
envelop the central stream of hot gases corresponding to the flame observed
in the direct image. Fast, repetitive fluctuations in the two-phase plume
were observed, but it was not distinctly evident that they corresponded to
the fluctuations of the near-infrared emission seen in Figure 7c. The large
amount of glowing particles being emitted from the flame may also be partly
responsible for the observed fluctuations in the near-IR emission. Figure 8b
is a picture of the deflagration of a 35/15/50 B/Mg/?TFE sample. Very large,
glowing agglomerates are observed being evolved from the flame. The turbu-
lence seen in the left hand side of the schlieren image corresponds to the
glowing agglomerate just exiting the flame on the middle left hand side of the
direct image. This agglomerate is about the median size observed being con-
tinuously evolved in the high-speed movies. Despite the size and number of
these agglomerates being evolved, the burning rate of this formulation was
very consistent and the combustion very stable (see Figure 7d). Figure 8C. dis-
plays the rather bizarre 'burning' of a 50/50 B/PTFE formulation. The reticle
indicates the location of burning; however, this is not a burning surface but
a 'deflagration region' which is observed to propagate down through the pel-
let, leaving a glowing char behind as seen in the direct image.
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Figure 9 displays three photographs of schlieren images recorded us-
ing the Spin Physics system at 500 pps. The size of this schlieren image is
slightly less than twice that of the schlieren image shown in Figure 8. A neu-
tral density filter was employed to reduce the flame intensity observed in the
schlieren images, and this permitted observation of the high-intensity, near-
surface flame zone. The intensity of the near-surface flame was so strong that
it overpowered the light intensity of the 100 watt tungsten-halogen lamp used
as the schlieren system light source.

Figure 9a shows the burning of a 10/40/50 B/Mg/PTFE composition. Here,
a relatively well-defined flame zone :4 mm in height was observed to stabi-
lize on and above the sample surface throughout the steady-state deflagra-
tior.. The combustion of a 20/30/50 formulation is displayed in Figure 9b, and
the flame zone here appears to be slightly more diffuse with a peak about twice
the height of the flame zone for the 10/40/50 sample. The fine particles being
evolved in the schlieren image in Figure 8a are also quite evident in Figure
9b The burning of the 35/15/50 B/Mg/PTFE composition seen in Figure 9c does
not exhibit a well-defined, stable flame zone. Instead, small flamelets are
observed dancing around within the central region of the plume. The dark re-
gions on bo4h sides of the plume are believed to be gradients produced by hot
gases surrounding the large agglomerates being evolved by the combustion pro-
cess (see Figure 8b). Some of these agglomerates, with hot gases streaming
from them, are seen descending in the lower background.

Several physical and chemical processes believed to be dominanL in ac-
counting for the combustion behavior observed in Figures 6-9 will now be dis-
cussed. AZ was mentioned in explaining the ignition delay behavior of these
materials. it is believed that the rigorous burning observed for the 10/40/50
B/Mg/PTFE composition can partially be explained by the significant lowering
of the thermal diffusivity with only a 10% boron loading (see Figure 4). Since
the energy input at the sample surface cannot diffuse readily into the solid
material, the energy concentrates near the surface and enhances the rate of
burning on the surface. However, since the thermal diffusivity changes very
little as the boron loading is increased above 10%, it is apparent that other
physicochemical processes are involved in the monotonic decline of the burn-
ing rate with respect to boron weight percentage.

An important heat transfer mechanism often discussed in explaining burn-
ing rate behavior (6, 15, 16, 201 is the heat feedback from the gas-phase re-
actions to the burning surface. Figures 9a-9c show that as the boron content
in the B/Mg/PTFE compositions increases, the near-surface flame zone becomes
more diffuse and less intense. Thus, there is less heat transfer from the gas-
phase reactions back to the burning surface as the boron content increases,
which consequently produces a decrease in burning rate as seen in Figure 6.
The trend observed in Figure 7 also lends some credibility to this hypothe-
sis as the drop in intensity from 20% to 35% boron content is clearly evident
in Figures 7- and 7d. However, the photodiode cannot discriminate a drop in
near-surface intensity from 10% to 20% boron content (Figures 7b and 7c) be-
cause of insufficient spatial resolution; it measures the same intensity for
both flam- regions seen in Figures 9a and 9b even thovgh the flame in Figure 9b
appears more diffuse than that in Figure 9a.

Several hypotheses have been developed in an attempt to understand the
chemical processes occuring in the combustion of the B/Mg/PTFE pyrotechnic
r-erials. These hypotheses refer to the following reactions:
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2Mg9 -- (C2 F4 ) , --- 2MgF 2 -+2C (1)

4B+ (C 2F 4),--4BF3+ 6C (2)

n M,-:-n (C 2 F 4 )"-!-nMg 2 ý--BF3 -. 2 (3)

n 2O(C 2F 4 ) n--2nCOF2  (4)

B 2 03 -3Mg--2B+3MgO (5)

2B203 -6F 2-- 302 --' 4BF 3  (6)

Reactions (1)-(3) assume ideal combustion of the metal counterparts of
the B/Mg/PTFE materials with the carbon in the PTFE considered inert. In the
present tests, the diffusion of ambient oxygen into the near-surface reac-
tion zone is assumed negligible due to the high velocity of the pyrolysis and
product gases evolved from the surface and reaction zone: thus, the reaction
with fluorine dominates the metal combustion process (266]. Fetherolf et i.-.
(3] observed the same near-surface flame structure and intensity for combus-
tion of an MTV material in both air and inert environments, which supports the
latter assumption. The stoichiometric weight percentages are 32.7% Mg for
reaction (1) [7. 20) and 12.6% B for reaction (2) (20]. Therefore, the 50/50
B/PTFE composition has a significant excess of boron. It is believed that the
unusual burning seen in Figure 8c for this composition is due to the boron act-
ing as an 'energy sink' [15]. The boron absorbs energy from any exothermal
processes occuring during sample combustion, but because the boron is present
in excess, it distributes the energy and does not allow the sample to locally
attain the !.gnition temperature of boron (;1900 K) .The glowing char observed
in Figure Bc is believed to be this heated boron. The 'burning' seen in Fig-
ure 8c is believed to be primarily due to reaction of pyrolyzed FTFE with the
ambient oxidizer as proposed in reaction (4).

The inzense flame zones observed in Figure 9 are believed to be primarily
due to reaction (I). Fetherolf et al. (3] observed a flame zone :1.5 mm thick
of similar structure and intensity for combustion of MTV materials using the
same experimental setup. Magnesium flames have very high emissivities close
to one (29], thus producing very intense emission. It is hypothesized that as
the boron content increases and the Mg content decreases, t'he flame intensity
will decrease due to reduction of the amount of Mg available for reaction in
the near-surface flame zone. Also, as the boron contp.nt increases, the 'en-
ergy sink* effect of the boron particles will become more prominent and take
away energy from the combustion zone. The large. glowing agglomerates in Fig-
ure 8b are 'mobile energy sinks removing useful energy from the flame zone.
Both these effects of a lower flame intensity as the Mg content decreases and
useful energy being constrained by the boron particles as the boron content
increases contribute to the trend of lower burning rates as the boron:Mg ratio
in the compositions increase above 10%. The intensity trends of Mg/PTFE and
B/PTFE flames as reported by Shidlovskii and Gorbunov (20] also lend credibil-
ity to this hypothesis and substantiate the trend observed in Figure 9.

A major factor in the combustion of boron is the removal of the nonporous
oxide layer (S203) which coats the elemental boron particle. ':his layer is on
the order of 0.001 -0. 1 Am thick (14], and the physicochemical processes lead-
ing to its remova., permitting combustion of the clean boron particle surface,
are very complex. Nemodruk and Karalova (31] state. " At high temperatures,
B203 is -educed by many metals, for example Mg, to for)7, elementary boron " They
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also stete," Fluorine reacts readily with B203 to form BF3." Reactions (5)
and (6) were formulated from these two statements. Reaction (5) is also known
as the 'Moissa-n Process' and is used in industry to produce elementary boron
[32). It is hypothesized that these reactions (5 4 6) may occur in B/Mg/PTFE
materia.s, producing a quicker and more efficient removal of the oxide layer
from the boron particle so that it can react with fluorine as in reaction (2),
releasing a high amount of energy to augment the burning of the B/Mg/PTFE py-
rotechnic materials.

CONCLUSIONJS

The combustion characteristics and C02 laser ignition behavior of pressed
pellets of B/Mg/PTFE p~rrotechnic materials were investigated as functions
of boron content in the sample. All tests were conducted in air at one atmo-
sphere. Whan the pyirotechnic pellets were fabricated, the actual densities of
the pellets were observed to decrease as the boron weight percentage increased
despite the theoretica. maximum density (TMD) increasing as boron content in-
creased. It was believed that the rigid boron particles restricted the flow
of the material under the high cons'olidation pressure (140x106 kg/= 2 ) and in-
creasea the inter-particle friction, thus reducing the packing efficiency and
causiag the actual density to deviate from the TMD, with the effect being most
significant at low boron contents up to 10%.

Thermal diffusivities were measured using a laser flash method. The
thermal diffusivity (a) was found to decrease drastically as small amounts
of boron up to 10% were added to the formulation. The c va2ue dropped only
slightly as more boron was added above 107.. Two factors were used to explain
this behavior. First, aB is about eight times less than czMg, so the addition
of small amounts of boron significantly reduces the overall a value. Second,
.he s t•-niticant reduction in % IMW as up to 10% of boron is added to the formu-
lation is believed to be prominent in the significant reduction in the a value
up to a 10% boron content.

The igrition delay Times were observed to decrease as the incident heat
flux increased and the boron weight percentage increased. This trend was less
significant at the higher boron weight percentages. Two pacameters were con-
sidered in explaining this behavibr: the absorptivity at the 10.6jm wave-
length of the CO2 ls. r and the thirmal diffusivity of the samples. -the ab-
sorx.tiviLty of Mg is < 0.25 at this wavelength, but barori exhibits a very high
absorptivity: thus, an increase in boron content significantly increases the
effective heat flux absorbed by the samples and lowers the ignition delay. The
&igr.ificant decrease in the a value as boron content is increased causes the
incident. energy to remain concentrated at the surface, which produces a more
rapid rire in surface temperature and quicker attatinment of ignition.

Tht bur.ing rate of the B/Mg/PTFE pyrotechnic materit.ls dropped monoton-
ically from its =aximum at 10% boron content as the percentage of boron was
increased above 10%. Interestingly. s,.if-sustained deflagration was not ob-
served for any formulations with lower than 10% boron content. Near- i.nfrared
e-mission was rbserved to be significantly higher for combustion of samples
containing 10% and 20" boron. Fluctuations observed in the near-IR emist ion
for low boron contents decreased as the percentabe of boron was increased.
High' speed videos of the flame structure and the two-phase plume dyiianics
showed that as the boron content increasea, the size uf the particles evolved
frot the surface increased and the near-surface flame zone became *ere diffuse
and less intense.
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Several physicochemical processes were proposed to accournt for the ob-
served combustion behavior. As was mentioned in discussing the ignition delay
behavior, the significapt decrease in the ct value up to a bov'on content of 10%
is believed to increase the level of surface energy and thus enhance the sur-
f ace burning. Above !0% boron, the decrease in burning rate as boron content
increases is attributed to the reduction in heat feedback from the gas-phase
reactions to the sample surface evidenced by the changes in flame structure.
The intense near-surface flame zone is believed to be primarily due to the
fluorination of Mg. It is also believed that boron particles may acet as 'en-
ergy sinks' if they cannot at-vain their high ignition tomperature, thus reduc-
ing the energy available for other physicorhemical processes in the sample.
Thus. it was concluded that as the Mg content decreases'and -he boron con-
zent increases, the near-surface flame intensity and the energy availabi, at
the surface are both reduced. producing a decrease in the burning rate as the
boron content increases. Finally, it was also concluded that with the proper
conditions magnesium and fluorine may react with the nonporous oxide layer on
the boron particle, causing a quicker and more ef ficient removal of the layer,
producing a clean boron particle available for energetic reaction.
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PYROLYSIS AND IGNITION OF BORON-BASED SOLID FUELS FOR RAMJET APPLICATIONS

T. S. Snyder,* 0. M. Chen,** B. L. Fetherolf,* T. A. Lltzinger.4 and K. K. Kuof
Department of Mechanical Engineering

The Pennsylvania State University
University Park, PA 16802

ABSTRACT

The ignition of two types of boron-based solid fuels, one with a hydrocarbon binder and the other
with an energetic binder, have been studied, and the results suggest that the energetic binder enhances
the ignition and combustion of boron. Ignition delay times for both types of solid fuels were found to
decrease with the addition of boron to the pure fuels. The ignition process for both types of solid
fuels began in the gas phase; then the reaction zone propagated toward the surface of the condensed
phase. Both high-speed schlieren and direct photography systems were used to study the pyrolysis and
ignition of the solid fuels. A physical ?xplanation of the trends observed is given for quiescent
ambient conditions and for low velocity crossflow conditions. Ignition tests with the incorporation of
additives into the boron-based hydrocarbon solid fuel were also performed. Results show that cerium
fluoride, magnesiuR, and magnesium/aluminum decrease ignition delay time with cerium fluoride having
the largest effect.

INTRODUCTIOT0

Boron continues to be a very attractive metal for use in ramjet combustion systems because of its
high volumetric heating value. However. the high melting point (2450 K) and boiling point (3931 K) of
elemental boron cause serious ignition and combustion efficiency problems. The ignition process of
solid fuel plays a critical role during the transition from the booster motor to the ramjet mode of
operation. During the transition, ram air is allowed to enter the combustion chamber to provide the
necessary oxygen with adequate temperature to ignite the solid fuel. Thus, the ignition
characteristics of tne candidate fuels should be understood to ensure the proper operation of the
ramjet engine.

Ignition based on a tkermal stimulus can be caused by three different types of external sources.
Convective heating of a solid fuel to ignition fan be achieved with the passage of hot gases flowing
over the sample surface. In laboratory studies, such kinds of flow conditions can be simulated using a
shock tunnel' or a blowdown wind tuniel. Radiative heating of a solid fuel to ignition can be achieved
by using a well-controlled external energy source, such as an arc image furnace2 or a laser ignition
system.3 Conductive ignition can be attained through the direct contact of a solid fuel with hot solid
particles, liquid droplets, or gases- Electrically heated hot wires can also be used for conductive
ignition purposes.

In the current study, a radiant energy source from a C02 laser has been used to study ignition
characteristics. The CO2 laser can deliver a desirable energy flux during a prescribed time period.
One major advantage is due to its high reproducibility. Also, the laser can simulate a broad range of
heat fluxes that the solid fuel would receive inside an actual ramjet engine. Furthermore, with the
advancement of high-powered miniature lasers, it is foi2seeable that radiative energy can be used in
actual ramjet engines.

When a radiative energy snurce is used for ignition, the effect of attenuation of the incident
radiation by the pyrolyzed gases must be considered. When gases and particles are evolved from the
solid fuel surface, they will absorb and scatter some of the incident laser energy. Kashiwagi 6

observed this phenomena when igniting PMMA and red oak under rasiative heating, and he measured values
of 70-80 percent attenuation after five seconds. In the present study, the ignition delay time for the
solid fuels ere much shorter than fiYE seconds (on the order of 7 to 120 ms). To determine the effect
of laser energy-flux attenuation by the presence of pyrolysis products on the ignition process, tests
were conducted with and without a low-velocity crossflow to remove a larger fraction -f pyrolyzed gases
from a considerable distance above the surface.

A variety of criteria Nave been used by other workers in the experimental determination of
ignition. 7 Some of the typically used criteria include first appearance of luminosity, onset of light
emission detected by a photodiode or photocell, onset of mass loss, abrupt rise in surface temperature
from a thermocouple trace, and achieving sustained combustion by a go/no-go test. The criteria used
here is the onset of light emission corresponding to the delay time from the start of laser heating to
the onset of the first light detected 'y a photodiode.
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Two groups of solid fuels were investigated to observe their ignition characteristics. One
consisted of hydroxyl terminated polybutadiene (HTPB) with various boron loadings. HTPB is the most
popular binder used in conventional solid propellants because of its low cost, reliability, desirable
mechanical properties, and long aging life. The other consisted of a copolymer of 3,
3-bls(azidomethyl] oxetane and 3-nitratomethyl-3-imthyl oxetane (BAO/H1NO) with the addition of
boron. 8 8AMO/NMhO is a new, highly energetic binder which may enhan:e the combustion efficiency of
boron significantly. The chemical structures of HTPB and BAMO/NM0 are shown in Fig. 1.

""HDO0 hb0

0 C
,CHCH C -3  CH 2 -_O-N2

fOfCH 2-CCH-CH2 A n'-" CyJi CH] 13m3c / (_H - "CH-0-) (-CH -CH"-0-)

N4 - C - CH2~-"3  13I I
H 0

Fig. 1 Chemical Structures of HTPB Cured with IPOI and the Polymers of BAM0 and NHtO

In addition to these two groups of fuels, the effects of additives on light emission delay time
were also studied. The combustion of boron can be enhanced significantly by adding small amounts of
magnesium and/or aluminum powders.9, 0 Another possibility for the enhancement of boron combustion,
proposed by many investigators, is the addition of a fluorine compound into the fuel. The additives
studied include magnesium, magnesium/aluminum, and cerium fluoride, which were mixed directly into
boron/HTPO samples.

EXPERIMENTAL APPROACH

A high-powered COZ laser (Coherent Super 48) was used as the radiative ignition source. The laser
is capable of generating 800 watts in the continuous mode of operation and 3500 watts in pulsed mode.
The continuous mode was used in all ignition tests. Figure 2 shows a schematic diagrivn of the CO2
laser test facility. in order to generate a relatiYely uniform beam, P thin sheet metal mask with a 7
mm diameter hole was utilized to allow only a uniform portion of the laser beam incident to the sample
surface. The -esulting spatial variation of the beam intensity was measured and found to be 1 10
percent. Tc et, ure the level of laser energy Input to the sample, the actual heat flux at the sample
location was .esured before each test using a calorimeter.

COILERZfY SUPER 46 LAE BEA GAS IP#AxOI
Cot ASE QCCMSO

2"M00 of MASK

PA~l~')AS C .-- IAS

FA~OICMO ftn~

59 IRROR

AMPIFIE at I

Fig. 2 Schematic of Experimental Apparatus Used In CO2 Laser Tsostt
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A test chamber (25 cm cube) was fabricated using Z.54 cm thick plexiglass and a 1.25 cm thick
stainless steel top cover. The transparent nature of this chamber allows visual access from all
directions. Two high quality glass windows were mounted on opposite sides of the chamber to facilitate
schlieren photography. in order to record the light emission from the solid fuel, two near infrared
photodiodes were mounted rigidly at specific locations in the chamber. One photudioOe was positioned
close to the sample surface (see Fig. 3) to determine the first light emission. For comparison
purposes, a second photcdiooe was place farther away and was used to view a larger region of the plume
deelopment process during pyrolysis and ignition of the solid fuel sample. The spectral response of
the photodiodes is between the wavelengths of 0.35 and 1.15 micrometers.

A high-speed video recording system (Spin Physics 2000) was used to register the dynamic behavior
of the flame structure at a framing rate of 2,000 pps. The system accrmrodates two cameras which
recorded the schlieren images and direct photographs simultaneously. The schlieren image can detect
clearly the initiation of the solid fuel gasification, pyrolysis, and the subsequent ignition steps;
whereas the direct photograph provides information about luminous flape development above the solid
fuel sample.

The majority of testing was performed in an initially quiescent environment; however, some tests
with crossflow were performed to study the effect of attenuation of the incident laser beam by the
pyrolyzed gases and particles (see Fig. 3 for the locat4.n of the cross-flow nozzle). The crossflow
was maintained at a specific velocity and was positioned in such a way as to remove the pyrolyzed gases
without introducing convective cooling of the sample surface.

:CROSS-FLOW NOZZLE

il••nm CUBE)J .'4

SAMPLEHODR

Fig. 3 Position of Near-Field Photodiode and Crossflow with Respect to the Solid Fuel Sample

EXPERIMEKTAL RESULTS AhO DISCUSSION

Quiescent Ambient Condition

Figure 4 shows two photodiode traces obtained for the ignition of HTPB with the addition of 30
percent boron [i.e., boron/HTP8 (30/70)] at two different heat flzxes. Three important points are
noted on each of the traces; first light emission (defined at an output rf five millivo'ts from the
photodiode), an aorupt increase in light emission, and maximum light intensity. As the heat flux
increases, the time for each tvent to take place decreases. At low heat fluxes, the time from first
light emission until the abrupt increase in light intensity is very long, compared to that at high heat
"luxes. This iportan, feature Is believed to be caused by the time required by the pyrolyzed-products
to attain a sufficient temperature to induce a rapid increase in light intensity. The smaller the
heating rate, the longer the time it takes to raise the local teiperatute of the pyrolyzed products (by
the incident laser) to a critical value. In terms of the gas-phase ignition process, the onset of
abrupt increase in light intensity (designated by triangular symools) cen ue regarded as the ignition
point.
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Fig. 4 Characteristic Photodiode Traces of Boron/HTPB (30/70) at High and Low Heat Fluxes

In order to understand these pyrolysis and ignition processes, the sci.lieren and direct (notion
pictures were taken. Figure 5 shows a sequence of six selected pictures for the ignition of boron/HTPB
(20/70) by a 200 WIcmW heat flux. The first oicture, ccmposed of a direct image on the left and a
schlieren image on the right, shows the evolution of pyrolyzed products in the schlieren image. The
actual sample in these images is a 25 mm cube. The sample height is the same for both lmage3; however,
the direct Image is slightly smaller than the schlier:" due to differences in the camera
magnificatiLns. The second picture in the sequence shows the first light emission in the gas phase at
62 ms. This light intensity grows continuously and then increases rapidly at 125 ms. This abrupt
increase is believed to be caused by the gas-phase reaction. During the pyrolysis and ignition event,
a bright luminous zone propagates toward the sample surface, while a therAl plume with a
mushrooa•-shaped core region end spherical outer boundary exp6Ads and rises in the vertical direction.

Figure 6 shows the effect of heat flux on delay time, defined by first light emission, for various
boron percentages. Clearly, as the boron percentage increases from 0 to 2Q percent, the delay time
decreases. However, the delay t',i increases as boron loading increases from 20 percent to 30 and 50
percent, This change in trend with Increasing boron loading can be explained by the sbtorptivtty and

120

£ ~PURE I4TP8
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10 -% BORON

S20b 4 BORON

W,
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3-j

o to0 400 6"0 000
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Fig. 6 Effect of Incident Heat Flux and Sor-n weight Percentage on Light Emission Delay Time of
Boron/HTP8 Solid Fuels
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volumetric specific heat in the plume. The rate of energy absorption Qabsorption for a two-phase
mixture containing boron pa8ticles and pyrolysis gases can be written as the sum of two terms: one for
each phase, i.e.,

Qabsorption " Qabsorption + Oabsorption (1)
total boron particles pyrolysis gases

For a control volume with cross-sectional area A normal to the flow with average velocity V, the two
terms on the right-hand side of Eq. (1) can be written as

0 4 3-- wrB3 n A V p9CB(T 8 - T!jClabsorption

boron particles

Qabsorption - * A V Pg CpR (Tg - TO) (3)
pyrolysis gases

where r8 is the average radius of boron particles, n the number density in the control volume, Pq
the boron particle density, CS the boron specific heat, T8 the tverage temperature of the boron in the
control volume, Tj the initial temperature of the tolid fuel, f the void fraction, pg the average gas
density, Cpg the constant-pressure specific heat of the gas phase, and Tg t"ie average gas-phase
temperature. The loaded fraction of boron particles can be written as

1 r 3 (4)

After substituting Eqs. (2)-(4) into (1), we have

0absorption - A 7 [(1-#) PB C8 (TB - Ti) + # P9 Cpg (Tg - Ti)] (5)

total
The average temperature of boron particles T9 could be different from Tg during the ignition event. To
understand the role of effective volumetric specific heat, one can assume that they are roughly equal.
Under such an assumption, Eq. (5) becomes

Qabsorption " A V (Tg - T I) Po PB # * Pg Cp0J a A 9 (Tg - T) (PH CH)effective (6)

total
where (PH CM)effective is the ef'ective volumetric specific heat of the two-phase mixture. As the
boron is added in smali percentages, the absorptivity of the plume increases linearly, while the
volumetric specific heat of the plume changes very 1lf1e (since * 1.0). The increase in
absorptivity causes the teoperature in the pyrolysis products to rise fester with the addition of boron.
At high boron loadings, the effective volumetric specific heat of the pyrolysis product mixture
increases linearly as the percentage of boron increases. However, the radiation absorptivity of the
mixture becomes weaPly dependent on the boron concentration in the plume, since there are enough boron
particles in the plume. Thus, the temperature rises more slowly due to the increase of effective
volumetric specific heat with nearly constant radiation abserotivity at high boron loadings. The
competition between absorptivity and volumetric specific heat directly affects tht rate of Increase of
temperature in the plume which, in turn, affects the delay time for the onset of light emission.

The effect of incident heat flux and types of additives on the ignition delay boron/HTPB solid
fuels is shown in Fig. 7. The delay time for all cases decreases monotonically ler-t heat flux
increases. Magnesium and magnesium/aluminum powders showed a noticeable decreb .. - time. The
addition of cerium fluoride to the solid fuel produced the most significant decr. delay time,
especially at low heat fluxes.

Figure 8 showi two photodiode traces for BAHO/NMHO solid fuel witn 17.58 percent boron by weight.
The characteristic variations of photodiode traces are similar to those of boron/HTPB solid fuels aven
though the binders are cJite different. However, the delay times for boronI[BAJiOi0/1I] fuels are mch
shorter than those of boron/HTPB fuels. Again, at low heat fluxes there is a noticeable delay between
the first light emission and the abrupt increase in light intensity; this is caure• by the time needled
by the pyrolyzed products to absorb enough laser energy to ignite.
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Fig. 7 Effect of Incident Heat Flux and Types of

Additives on the Delay Time for First Light

Emission of Boron/HTPB Solid Fuels

Figure 9 shows a sequence if six selected pictures for the pyrolysis and ignition event of
boron/[BAMO40/HO] solid fuel at an incident heat flux of 490 W/cm-. The pyrolyzed product velocities
are much higher than those for the boron/HTPB fuels, as a result of the energetic nature of the
8AO/NMMMO copolymer. The velocity was measured to be 1000 cm/sec compared to 30 cm/sec for HTPB. As a
result of the high velocity plume Jet, the plume is highly turbulent for the boron/[BAHOIN)*O] fuel.
The first sign of visible light emission is seen in the third selected picture of the sequence at 10 ms.
The light Intensity grows rapidly and continuously. The luminnus region expands abruptly at 17.5 ms
(see picture 4). Following the gas-phase ignition, the reaction zone propagates toward the surface
(see pictures 4 through 6). After the reaction zone reaches the surface, the reactions on the surface
itself become apparent. Chunks of solid fuel are en.rained in the plume jet resulting in bright
reaction zones in the circumferential region of picture 6.

To illustrate the difference in the plumt structure and surface reaction process bef~re and after
the reaction front reaches the sample surface, two sets of enlarged photographs are selected and
presented in Figs. 10 and 11. These photographs are obtained from the same experiment shown in rig. 9.
Both the direct and schlieren photographs show the event of flame propagation toward the samplo surface.
Once the flame reaches the surface (see Fig. 11), the condensed phase reaction is enhanced immediately
as seen by the flame on the sample surface and by many bright spots near the edge of the luminous plume
in the direct picture. This process has been observed for boron/HTPO solid fuel as well; however, the
apparent intensity of the reactions on the svrfdce are much less. The reactions causing the luminous
flame on the surface are believed to be caused by the energetic nature of BAHO/1011 copolymer.

Figure 12 shows the effect of incident heat flux on delay time for first light emission for
boron/tBAMO/N1N40I solid fuels with various boron weight percentages. ThM data from pure BAI4O/NMMO
copolymer fuel is also plotted, which exhibited random delay times for all heat fluxes. This rindom
behavior is believed to be caused by the highly turbulent nature of the pyrolyzed gases evol',ed; the
active site for first liqht emission varies significantly from test to test. The location of the
active site depends upon effective absorption of the infrared energy flux from the laser and the
convective heat-transfer conditions In thi turbulent plume. Since the convective heat-transfer
conditions :re strongly effected by the randoness of the turbulence, the active site and the delay
time fo.r first light emission arc highly random. Vnen boron particles are added to the solid fuels,
this random behavior Is eliminated. The diclay time for first light emission decreases as incident heat
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DIEC SCHLIEREN * ~ DIRECT SCHLIERE !

Fig. 10 Direct and Schlieren Photographs of the Fig. 11 Direct and Schlieren Photographs of the
Plume from a Pyrolyzing Boran/[BAMO/NMt40] Plume from a Burning 8oron/(BAMINMO/IIO Sol'!
Solid Fuel at 37 ms Just Before the Flame Fuel at 52 ms Just After the Flame Reaches
Reaches the Sample Surface the Sample Surface

80 1
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Fig. 12 Effect of !Ncident 34eat Flux on Light Emission Delay Time for BAHOMM94 Solid Fuels with
Various Boron W1eight Percentages

flux increases. As the boron loading percentage increases from 17.58 to 398 the delay time increases
slightly at low energy fluxes (below 300 Wu/cmZ). Similar to the reasoning for the boron/HTPB fuels.
this increase Is believed to be caused by the increase of the effective volumetric specific heat due to
the increase of boron weight percentagd~ while the absorptivity changes little as boron loading
increases above 17.58 percent. As a result, the effective heating rate of the plume is decreased with
the Increase in boron loading causing the delay time to increase.
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Crossflow Ambient Conditions

All the above results were obtained under quiescent ambient ccnditions. It was noted that the
attenuation of the Idser energy flux b) the pyrolysis products, especially the boron particles, could
strongly influence the delay times for onset of first light emission and ig•,ition. lo study this
effect, a crossflow setup for blowing particles away from the top portion oý the plume was utilized.
The horizontal crossflow nozzle is situated at a vertical distance far enough from the sample surface
so that convective coolIng of the sample surface is negligible. Under the condition of crossflow, the
mixing of oxygen with pyrotysis products of solid fuel is enhanced, and the attenuation of the laser
energy flux is miniriized.

Figure 13 shows the schlieren and direct pictures of the ignition of pure HTP8 in a crossflow at
30 ms under a laser heat flux of 760 4/cm 2 . The horizontal white line in the direct image represents
the surface of the sample. The location of the crossflow is shown on the left portion of the picture.
After 30 ms, the first light emission was observed 7 mn from the surface of the sample, near the lower
edge of the crossflcw jet. The luminous flame grew very slowly, extinguished, reignited at the same
location, and once again txtinguished. This process repeated for the duration of the laser heating
which lasted for 600 ms. Ouring this process, an abrupt increase in light intensity was not obser'ved
because the pyrolyzed gaser, ;n the absence of boron, did not absorb enough laser energy to cause
ignition.

SCHLIEREN

SAMVA

Fig. 13 Girect and Schileren Pictures 3howing the First Oetection of Light Emission in the Gas Phase
for Pure HTP8 at 10 a s under a Heat Flux of 760 4/cmZ.

Figures 14 and 15 sho:t the ignition of boron!HTPB (10/90) solid fuel in the crossflow with a 2SO
4/cm2 energy flux. Figure 14 shows the first light emission at 35 ms. At 1S2 ms, an abrupt increase
in light intensity was ob'erved in a region above the sanmole surface. This event is fillowed by an
intense luminous flame which lasted for 650 ms. At this time, the laser was cutoff; however, the
luminous flame remained ourning for an addition 140 ms. This suggests that the solid fuel sample was
able to store enough thermal energy to continue the pyrolysis of gases and particles; thus the supply
of fuel-rich species to the reaction zone was maintained. The eventual extinction after laser cutoff
suggests that the rate of heat release from the surface and ejs-phaie reactions was leas than the rate
of heat loss.

The delay times for flrst light emission and an abrupt increase in light intensity or both
boron/HTPB and boror/(CUAINMO] solid fuels were obtainol in crossflow conditiens and are summarized
in Table 1. The heat flux was kept constant at Z80 w/cm4 for all tests; however, the crossflow
velocity had to be Increased for boron/(BAMO/NlflO] solid fuel because of the high py;.ulysis velocýty of
the material. The upstream pressure of the crossflow nozzle was set at 170 and 350 KPa tor boron/HTP8
and boron/[BAMO/Nl•,0O solid fuels, respectively. In contrast to the quiescent ambient results, the
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Fig. 14 First Light Emission of Boron/HTPO 110/90) Solid Fuel at 35 ms, !ncident Laser Heat Flux of 280
Wlcm-

EIGH SCHLIEREýN

Fig. 15 Abrupt Increase ;i Light Emission of Boron/HTPB (10/90) After 152.0 ms in a Crossflow Laser
Ignition Experiment

crossflow results show that the delay times decreased continuously for both boron/HTPB and
boron(BAMO/NMWOj solid fuels as the boron weight percentage increased.

This trend is believed to be caused by the enhanced mixing of air with the oyrolysis products In
the plume. The enhanced mixing of oxygen with the pyrolyzed products (specifically the boron
particles) is believed to cause the boron particles to react with oxygen and to release energy to the
gas-phase species. Thus, the high boron leidings continue to decrease the delay time because the
absorptivity and volumetric specific heat effects are counter-balanced by the increased boron reactions.
The increased boron reactions in the crossflow tests were evidenced by the appearance of glowing
particles, which were not present in the quiescent tests, before the abrupt increase in light intensity
associated with the gas-phase ignition.

After laser cutoff, the solid fuel samples inich contained the higiest boron percentage fnHTPB
remained burning the longest. In the case for boron/'BAMO/NMPO] solid fuel, the samples ourned
completely after laser cutoff due to the energetic nature of BAMO/flMMO copolymer. Whether the
energetic nature of the binder actually changed the mechanisms of boron combustion, further studies are
needed. In such studies, one has to determine the chemical composition and physicai structure of the
residues recovered.
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TABLE I DELAY TIES FOR HTPB AND 8AMO/NMNO SOLID FUELS UNDER CROSSFFLOU
CONDITIONS WITH LASER ENERGY FLUX OF 280 W/cmc

;-*I Safe I Fit Lftht Abt t IfC?..¢ Later Cstsft [IAttat.

(&"I I.n-1 ) os
il0~ I r . a.004

to, 2 3S.2 :52.0 050. 79.0
2l 0 2 33.5 30.0 444.0 111.0

t 30 24.0 o.0o W4.a 125.0

Ji S 1SS4.5 S18. 412.0.

1t1. a15 24. 31.0 W4. 0

a 2.214 82.5 Zl.9 423.0 owsp

CONCLUSIONS

Tests performed in quescent conditions for boron/HTPB solid fuels shaw that an increase in baro:i
weight percentage (up to "L") causes a decrease in first light emission delay time. Further !ncrease
in boron percentage causes the delay time to increase. This change in trends can be explained by the
effects of volumetric spccific heat of the pyrolysis products and absorptivity of the two-phase mixture
on the rate of increase of the mixture temperature. The results from crossflow tests show that the
delay timc decreases monotonically with increases in boron loading percentage for both types of solid
fuels. 1Hth crossflow, the effects of absorptivity and volumetric specific heat are counter-balanced
by the enhancement of the boron reactions with oxygen caused by the enhanced mixing of air with the
plume products. For both quiescent and crossflow conditions, the ignition process initiated In the
region above the sample surface and then propagated toward the surface to enhance the condensed-phase
reactions.
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Combustion Behavior and Thermophysical Properties
of Metal-Based Solid Fuels

D. M. Clen.* W. H. Hsieh.t T. S. Snyder., V Yang,§ T. A. Litzinger.§ and K. K. Kuol
Pennsylvania Siate Uzi'ersitJ., Unit ,rsint Park. Pennsyvlvania 16802

Two metal-baAed solid fuels (magnesium-based and boron-based) have been studied to detetnine their comb'as-
don L-ehavior and thermophysica! properties. The burning rate for the magnesiurm-oased (MglPTFEjVi':in A) solid
fuel '42s found to increase monotonically ,i'.h ambient pressure and to follow the Saint Robert's laA in both air
and nitrogen environments. The fuel. ho.4-er. burned 10% slower in air than in nitrogcn..The slower bi:rning rate
in air is postulated to result from rthe entrained ox.gen ,•hich cempetes with fluorine to react with magnesium.
Because of the Inwer heat of formation of %1,0 vs MjF.. the near-surface heat release is reduced then the oxygen
is present, thus reducing the tmrnirg rate. This reasoning is ats .upported by results obtained from the companion
pressure dflagration limit (PDL) and igi;ition tests. sohich show that the combustion of the magnesium-based fuel
has a higher PDL and a longer ignition delay titre ia air than in nitrogen. Results froma the study of ignition and
combustion characteristics of bron-based solid fuels show that boron can significantly reduce the ignition delay
times of pol3(BAMOINN.MO). In determining the thermophysical ptoperies of fuel samples. a subsurface
temperaturc-measuremrnt metho4 %2s developed to quantify the temperature dependence of the thermal diffusi,ities
of fuel samples. Re.ults show good agreement with those obtained with the laser-flash method.

Nomenclature magnesium particles possess superior ignition behavior but
PDL = pressure deflagration limit. kPa offer considerably lewcr heat of reaction. Thus. methods of
r. = burning rate. mm, s enhancing the con,•busuon cfficiency of boron and retaining
p = prcssurc, kP. the ignition characteristics of magnesium are essential in ordcr
K = thermal conductivity, W;K-cm to render these fuels feasible for propulsion applhcations.

= density. gicmn3  Two types of solid fuels were considered. The first con-
S = specificheat. Je-K tained magnesium with polytetrafluoroethylene (PTFE, zd

= net heat release from subsurface. Wgg vinylidene flvoride w perfiuoropropylene (Viton A). The.
41 = thermal diffus roty cmsus ond contained boron with a highly energetic binder. 3.:--:s

L = sample thickness. cm (azidonIethyi) oxetane/3-nirramomethyl 3-methyloxetane [poly-

t, = characteristic rise time. s (BAMO/NMMO)I. To date, effoits to examine the funda-

"= laser pulse urme. s mental ignition and combustion bfhavior of these fuels- have

= time. s been few. Peretz ' studied various thermochemical properties

t = time to reach one-half of maximum value. s of several metalfluorocarbon fuels for ramjet application,.
Results indicate that not only is magnesium a desirable metal
additive for fluorocarbon s;lid fuels, but boron can also be

Introduction burned effectiveiv with fluorocarbons. Kubota and Scrizawa-
performed detailed experimental work on the combustio., of

N the st arch for new and improved propulsion technology, maenesium-bascd solid fuels containing magnesium. PT,`.
the solid-fucied ramjet engine has become an attractive and a small amount of Viton A. They observed that

candidate because of its simplicity and high performance. burnmn rate of this type of sohX fu-el increases wath increa~,
Among me various solid fuels that are under considetation magnesium content but decreases v..th increased particie size
for ramiet use, the boron-based and magnesium-based fuels The siapkfic•m:e of the exothennc reactions immedi3tet%
are the most promising because of the high volumetric helafing above the burnmt. surfact on the combustion process was also
value of boron and the high combust:on efficiency of magne- addressed.
sium. However,. the poor ignition behavior of boron partic!es Marser et al." recently developed a number of highlv
usually leads to lower combu-tion efficiency. making them energetic binders. In .iew of the lr.rge positive value of the
impractical for use in an actual system. On the other hand, hcat of formation associated with poly(BAMO ,,NMMOi.

"*hey claimed that a theor'itcal 'ncrease of the spccific impulse

Presented as Paper 88-3041 at the AIAA/ASME/SAE/ASEE 24th h> 5 S is possible when tins polymer ,s usd as a binder i a
Jotnt Propulsion Conference. Boston. MA..!uly il-!). 1988, re- "ntmum-smokc propellant system. The .otal energy re,..-
ceived Aug. '2. 1988, revision recenred Sept. 16, 1939. Cp-right Z. ,- n the fuel was found to increase significantly ',;-tY
!988 by the American Institute of Aeronautic-. and Astronaut.cs. Inc addition of percncntages --f bocon to poly(BiMO,NMML.-
All rights reserved. The major purpose of this paper is to study the fundamcfl'

"Assos•a¢ ScientIst. Chung-Shan !nsrmutic of Science & Tc-=hnol- tal ignition and combustion chatac::rtst.cs of M81PTFE
ogy. R.O.C. Viton A and boronpoly( BAMO!NMMO) solid fuels and to

lAs.istant Professor. Department of Mechanical Engicning develop a convenient mcthod fo? measuring the thenoph\S:-.
Member AIAA.

:Grad;ute Assistan!. Deq.rxrient of Mcchan:cil Engineering. .;! properties of these two type. of solid fuels. The spccif'c

Student Member AIAA. objectives are
§Associte Professor. Dcpa.rtncr.t of M--,.hn.cat Engcieering. I) to determint the burning ratcs of both fuels as fvnutlon'

Member AZAA. of pressure and ambient pas:
IDistinguished Professor. Dcriart-,eni of Mehan.tal Engin-mring. 2) to charaterze the .gniton and combustion 1eria1ior b}

Associate Fcllom. AIAA. performing C.: laser ignition conmbusmoe tests, x-ra .
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tion analysis. low-pressure deflagration limit (PDL) tests, and 1.1 kPa/s. The extinguishment point could then be identified
microscopic examinations; and from the measured pressure-time trace. After each test firing,

3) to deduce the thermophysical properties from the mea- the solid residues wer.- collected for microscopic examination
sured subsurface temperature profiles (STP). and x-ray diffraction analysis.

CO2 Laser lgnition/Combustion Facilit'y
Experimental Approach 4 high-powered CO, laser (Coherent Super 48) capable of

A windowed strand burner and a CO, laser facility we.'e gcaeaung 800 W in continuous wave moe was used for the
used to study the ignition and combustion behavior of these ignition and combustion studies. F-gure 2 shews a schematic
two types of solid fuels and to characterize their thermophys- diagram of the facility. in order to generate a relatively
ical properties under well-controlled conditions. A brief de- uniform beam, a thin piece of sheet metal with a 7 mm-diam

* scription of the test facilities is given below, followed by a hole was used to allow only the most uniform portion cf the
discussion of results obtained for each of the metal-based laser beam to reach the sample sufface. The resulting spatial
solid fuels. variation of the beam intensity was ± 10%.5 A test chamber

(25 x 25 x 25 cm) was fabricated using 2.54-cm-thick plexi-
Strand Burne: glass and a 1.25-cm-thick stainless steel top cover. The trans-

Figure I shows a schematic diagram of the windowed parent nature of this chamber facilitated visual access to the
strand burner. A fuel sample (5 mm in diameter and 77 mm in ignition and combustion processes from all directions. Two
length) was mounted vertically in the chamber. Ignition of the high-quality glass windows were mounted on opposing sioes
sample was achieved by passing an electrical current into a of the chamber to allow for schheren photography. A KC)
nichrnme wire which pierced through the test sample about window was installed in the top of the chamber to allow the
3 mm from the top surface. A scale was optically superim- laser to pass into the chamber when pressures other than
posed on the image of the solid-fuel sample. using a atmospheric were needed.
75 x 75 mm semitransparent mirror. To visualize the burning A high-speed video system (Spin-Physics 2000) was used to
process, a video-recording system was .-mploycd to pho- record the dynamic behavior of the flame at a framing rate of
tograph the motion of the burning surface inside the strand 2000 pictures/s. The system accommodates two cameras capa-
burner and the optically superimposed scale. With this tech- ble of recording schlieren images and direct photographs
nique, the burning rate could be determined precisely from simultaneously. The schlieren imaze can detect clearly the
the length )f the sample burned in a certain time duration. In initiation of fuel gasification and its subsequent processes.
addition t: the visualization study, an imbedded fine-wire whereas the direct photograph provides information about
thermocouple (platinumtplatinum-13% rhodium) with a luminous flame development and burning characteristics.
diameter of 50 ,pm was used to measire the temperature In addition to its role in the ignition and combustion study,
profiles in both the subsurface and surface iegions. A more the CO, laser system was also used to conduct laser-flash tests
detailed discussion of the overall strand burner system is for measuring the thermal diffusivities of the fuel samples. A
given in Ref. 4. 75-gm K-type (chromel/alumel) thermocouple was bonded to

The strand burner was used to study both the steady-state the bottom of the fuel sample having a specified thickness. As
burning behavior and the PDL. During each steady firing, the the laser flash irradiated the sample surface, the temperature
chamber presst"-- was maintained at a prescribed level by detected by the bonded thermocouple was recorded by a
means of a computer-controlled gas supply system. For the Nicolet oscilloscope and could then be used to calculate the
PDL tests, the chamber was depressurized at a rate of thermal diffusivity of the fuel.

LOW PRESSURE RESERVOIR
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Fig, I Schemtic of eiperimtnt2l apparmius toed in $irind-burner tsti:.
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Fig. 2 Schematic of experimental apparan&t used in CO laser tests.
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- Fig. 4 Burning rate as a function of pressure for Mg/PTlF,/Vlton A
in nitrogen and air.

Fig. I MJ/PTFE/Viion A combustion in CO laser test. performed at 100 kPa. with an incident heat flux of 400 WI
""cm- from the laser.

Figure 4 illustrates the dependence of the burning rate on
the chamber pressure in two different gaseous environments.

Combustion Characteristics of Magnesitm-Based The burning rate was found to increase monotenically as the
and Boron-Based Solid Fuels p.-tssure increased, and to follow the Saint-Robert's law

closely. It is interesting te note that despite the fuel-nch
Magnesium-Based Solid Fuel nature of the sample. the burning rate m%asured in nitrogcn

The magnesium-based solid fuels used in this study con- was consistently higher than that in air by approximately
sisted of 50% fluorocarbons (PTFE and Viton A) and 50% 10%. This observation is substantiated by the PDL results
magnesium powders with a mean diameter of 20 pm. Initial which show that the lowes, pressures for sustain.n-in stabic
tests were performed in the CO, laser facility, and subsequent combustion are 9 8 and 28.1 kPa for nitrogen and air. respec-
experiments in the strand burner. In both cases, not only did tively. The fuel has a tendenc, to extinguish faster in air than
the luminous flame initiate at the surface, but it remained in nitrogen. These results suggest that the burning characteris-
aitached to the surface for the durat~on of the combustion tics of this type of solid fuel depend unt-rn the composition of
pzriod. Figure 3 shows a typical flame structure of the fuel the ambient gas.
following ignition. The ejection of magnesium particles from Figure 5 shows two temperature profiles obtained from
the burning surface can be obsered as indicated b- the arrov 50-pm thermocouples ;mbeddrd in the golid fuel The tests
in the direct image. This phenomenon was also noted in the %ere performe.d at atmospheric conditions in both air and
strand-burning tests using both air and nitrogen. Hovccr. nitrogen. Both curves indicate a surface temperature (charac-
the height of the lum;nous flame was much greater for com- tcrized b} the inflection point in the temperature profile) in
bustion tests performed in air than f3r those performed in the neighborhood of 850'C. but with different spatia, distribu-
nitrogen. The ignition dela% time for the magnesium-basid tions depending on ;he gas environment "the temperature
fuel was also determined for various oxygen perenta.ges. It profile in the vicinity of the surface is steeper when the fuel
increased from 43 ms to 52 ms as the ox.gen concentration %as burned in nitrogen. suggesting a higher heat-transfer rate
increased from 1.0% to 21.0%. respectively These tests weic at th.- surface.
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Based upon the above observations. it Is believed that the Fig. 5). Results based upon the x-ray diffraction anialysis 01

axygen in the air has an adverse effet~t on the regressio:1 rate, the combustion residues indicate that the major solid prod.
i!riition. and extinction characteristics of the solid fuel con- ucts for the cate involv-,up. air were MgO. MgF.. and carbion.
T,!sning magnesium and fluorocarbons. A proposed ratior ale However, for the pure nmtxogten case, the major products voere
to explain this phenomenon follows. VgF,. Mg. and carbon. Thuts, the reactuon of magnesium

F'rst. the surface regression is a local phenomena. The particles with oxygcen in th: gas phase is significant. Further
rcgres3-on rate is deter-mined mainly by th. highily exothermic investigation is needed to quint-fy the extent to %kh!Ch the
gas-k~hase and heteroge-neous reactions oscc'±-r'reg immcdiatelh oxidation reaction t..kes place In the near-surface region.
above ind on t~he surface, arid the thermal properties of the Based upon the above observations and the measured
solid Cuel which control the thermal wave propagation. The iubs.jrface temperature prof le. the important phys.,coiliern-
piovesses away from the surfact: play a ktss s-ignificant, role cat p.rocesses involved irn the combustion ofý mzgnestunm,
due to their weak effect on the local hear transfer to the fluorocarbon fuel in the preseceis of air can bec chai.'czeiized
sutri.,c,; region. qualitatively. Figure 6 summarizes the --ntire process by idem-

Sefv-ri. the maenesitim based solid fuel contained 50% tifsing five distinct regions in both the gas and condensed
nagimesium. which is I"" greater than the stoichirnmetic phases. A thermocouple trace 3butined from a test in an at

ratio Because of this trost of the magnesium powder did not 100 kP" is also inciuded ýso shtu% the .spproximote therinat
burn completely in the near surface reeon. Instead. the po'.- %ave profile. These five zones cuin be summarized as tollows.
der was ejecte fromn the surface as a -result of the expan:4mior. Ir. zone 1. the temnerature is beiow the ecothernic decom-
processes of gaseous products generated bý the pyrolysis andl positior, 'empur~iauz- of Valon A (316 C) arid only in~ert
the solid-phaisz reaction of the fluorocarbons surrounding hea.ing takes place. Zone 2 covers a temperature -aaeie from
thcm. ' 16-530'C. correspocnding to the decomposition temperatures

Third, the gaseous products o!ýginatiag from thet surfacc ci' Viton A and PTFE, -tspectiveky. The thickness H, abOLt
act as a 'reejet and entrain the am~~ient gas into the shear 17 pO;m a: I atmi. Exomremic deLomposition of Viton A
!ayer surrounding the samnple boundary Thus. during tests in tni~iate. in this zont ani, zeachns its maximum rate at 471 -C.6
air. oxygen can be entrained easiI% caustng :ompctiti~e oxi- rhe major products Iroram the pyrolysis of Viton A include

dains3d flointo 'ecoswith macricsiurn Because HF. C.F- CF.F4 . ICHF.. and other florocarbons and hydro-
the heat of oxidation for magnesium is approximately one- fluorocarbons." Chemical reactions be.tweecn magnesium pci'.-
balf of the heat of fluorination for magnesiumn. th:! totJ hest derb and the pyrolysis produLLs of Viton A may also occur.
Re-nerated in the near-surface region is reduced .%hen axge~n Onset of the melting process of PTFE (330 Ci occurs approx-
is present This reduced heat release reduces the hecat-transfer jmatelý _'001,4m beneath the burning t:iirfacec. However, as a
rate to the condensed phise. and consequenthy decr."-ses, the result of the hiehii ,mscous nature of tInc molten PTFE. only
regression rate, restricted motions of magneswium particles are possible- in this

This argument is substentiated by the subsurface teirtoera- region.
ture profiles measured in air and nitrogen ervironmenits (see Zone 3is characterized b% a rapid temnperature increase

,, zco--
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WNCDt IN AIR1

26t2

Fig. 9 lgntdva sequence of pure Puoly(BAIMO/1NMOC) in air svi'z2

_____heat_ flux of 10 W/cni* using CO2 lase'r. Time from Initial laser heatfing
C4 M 4;oVCW. =i 4.S.. 5.5. 6.S. 88.0. 128.0, and. I65.S ms.

Fig. 7 Burning rate as a function of pressure for poly(BAMO/
,NPAMO) with 17.61r boron. abovc the 5u:'.ace. As the ambient o 'easure was increased to

1034 h-Pa. a musch brighiter flame was obser-,ed. w~ith many
1.00 burning boron particles eitceedl from the surface.

Figutre 7 shows the stra,,,d-burning rate !n air as a functtion
7/00 -if pressure. 'ýt lollo'ved thc Saint-Robert*s law %virt the burn-

CIJ4NEC AI 3-3 mag rate given by r, - 0 !-,6 p0 '". Figure 8 presenis zl mrea-
-sured temperatur- profile obtained. using a 50 ptv R-type

thermocouple embcddled ina boron, vly(BAMOi NMM,

surface temperature. indicated t-y a sudder. temperature ijimp
at tr-e burning surface, wzs about 2150ýC. which was relauvcly
low when compared to wagnesium-based solid fii.The

- ,~AN; ~ourn ne-surface temperature increased monotonica.-ty with
- testing presaire, rar.,2-le from 220'C at 100 kPa to 310'C at

1030iPa. -the tempe ra ture-tfime tracre prebenied in Fie.
believed to be cttised by the aubsurf~ce reaction of tshe

Fig. 8 Subsurface temperature prheof boiontpoly.$ANMO/ binder." 0 In this particular zes%:. the maximu-m rnt.ý.ured
NMMO inairat 43 PL as--ihase ternp-trature was about 1400--C. However, in somie

tests. the measured tempetature-time tt'ac'.,s showed maxi mum
temnperatures higher than 17115-C.

within a thin layer~ of approximately 50 pum. The temperature To fw.rther enhance undrrstandine of the ignition and coni-
ranges from 530-C to the surface temperature of 8500C. At bustion behavior. the b-oron-based fuel ýzrmoles were also
530'C. PTFE begins. to decompose exothermically to liberate :ssted in the CO, laser facility. Figure 9 shows an ignition
CT:. C,, C2F4,. C,F6. C,173. other fluorocarbons, and sequerc- of the pur.- ptly(RAINO INIMMO) under CO, iascr
possibly fluorine itself,6 As the temperature further incre-ases heating- The left imnage is a direct picture. and thec right imnage
to 6501C. magnesium powiders begin to melt. Reactixons that is a schlteran picture The magaificaticrn of the direc, image is
may take place ir. this region are believed to be those of fluo- twi%,ce that of the schlieren. *snd the sample is a 5 mm cube4
rine and fluorinated compounds with eithie- liquid or gaseous Pyirc, ysis of the solid fuel was first noted iater 4.0 mwz in the
magnesiump (because the vapor pressure of magnesium, at sci~liercn picture The gases formed a let with a mrnrnn velocity~
850 0 C is about 50 mm H3). These highly txothermic reactions of about 10 m~s WVithin a drstance of S mmn from tbc -sirfacc.
may further enhance the cgasfication of PTFE, causing an the iet appeared to be laminar ii niature and bzcatre turbuitnt
imbalance of local forcvs. This proc-ess results in violetv expui.. farther away from the surface. The gawcs gradually absorbed
sion of magnesium oarticies from the surface. thef incident laser energy and fnally ignated aftcr 128 ms This

Zone 4 is characsrmzed by the high-temperature geradien; in ignittion process is e.'ident in the direct picture and is an
the vicinity of the burning surface. It is depicted by a bright indication of a gas-phase ignition provt'ss Immediately fol-
flame assoc:atei w4Ith the dxothermic gas-phase and hateroge- lowing ign'!ion. the flame propaga~ed down trward the sui-
neous reactions. As stated above, for combustion in. air. face to further enhance the' condtilsed phzse reactions. The
oxygen wuay be entrainea by the jet and react with miolten copolymer extinguished following laser ctmciff at _'0 ins.
magnesium powders near the outer region of the surfacc. Figure 10 shows the ignition process of npoly(Bt,-MO

Zone S is razincr far from the surface. For combustion in NMMO) containing 17 6%11 boron. Gasification w'as noted at
air, the major cherni:ei process includes the reaction of mnag- 4.5 ins ufter onset of the CC:ý hiae beam. Tlhe pyroiyzed
nesiumn vapor and 0.- As a re-sult of its distance from the gaseous jr: was lcsý :urbulernt than -hat evolved ilrcm the pure
suface and ies low flamei tempti &,ure -1600-C).' the effects polv(BA .M . NNMNI!O sample Changes rn the jet charamti-s-
oft ths recion on surface-regresi.on processes are insignificant, tics are rcitevec. to bc dependent upon -he borcon cwtien inn

the saimple khtch acts to dampen thet turbulent m;xing pro-
BoronIPoly(BAMOIN.M.NO0 Solid Fuel M.. Because the boron isnitially ej-cted beoebrig

In this work, the boron-based solid I`Iel sample contained a the solid boron particles in the gas phas- absorb the incident
niigh~y energletic copolyiner. BAIO'NMIMC. and 17.6% laser cncerg. thut raising the temperature in the gps phase to
boren powder with a meat' diameter o,' 0.5 ;.m. From the :nitiate chemical reaction and lead to ~gnition. The increase o
.-eer~rded video images. it was obscr.-d that the flamne struc- absorpt-nri eoc to the pre.,ence of boron in the gas phase ham
ture oi the sample was :ffccicd b% the testing pressure. At beecn %,-rii'me bs iascr-atienuazion tct with Various gines at'
3natmop%,-"c conditions, only a faint gaseous flamre appeared s~liefi-h'e s.-ISmpiets As a result. the boron addition dcec'm5s;
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the ignition delay time to iO ins. compared to 128 ms for the the instantaneous burning ,s'rface. Using this coordinate sys-
p~ure poly(BAMOINMMO), tern, the heat-conduction equation becomes:: 3'

Picture 6 in Fig. 10 shows many boron particles burning
in the gas phase following ignition. After laser cutoff, the d KdT d(p~tr.G 1T)I,(-K

sample ext~ngt bhed momentarily and then reignited. The dx •l d +,., = 0 (1)

reignition. which was observed for the boron-containing ,fuels
but not for the pure copolymer, is believed to be the resi~i of where q,,, is the net hen' r.'lease in the subsurfacc region o0"
an increase in mhernI diffusivitt. caused by the borol, addi- the fuel sample This term vanishes if there is no chemical
tion. which allows the thermal wave to penetrate further into reaction within this region (i.c.. the inert heating region).
t'nhe solid fuel. tntegration of Eq. (1) gives

Figure I I shows the jgnition delay times for pure poly
(BAMO!NMMO) and samples conrtaining 17.6 and 30% dT I ,dTj rx d(P,,rb~OT) d
boron as a function of heat flux. The pure poly(P.A!O/ -- -K.• - 1 •l,=_,_, dx

R 
A

NMMG) fuel exhibited random ignition characteristics for nxilx 1 d
heat fluxes. When boron was added, the delay time became (2)~
shorter and reproducible. ,Th.e behavior of boron;polyt BAMO' -i_ pr pd 2

NMMO) is distinctly different from that of pure poly(BAMO;
NMMO) due to thce ffects of boron particles on the fluid The. deasity and specific heat are evaluated using a mass-aver-
dynamics and radiative absorption, in the pure poly(BAMO, at. value of the ingredients in the .•olrd fuel sample. Rear-
NMMO) case, the high tu,'bulence level in the gas phase causcd rangin~g Eq. (2) and assumrng that the heat •ux is zero at
the pyrolyzed gases to be heated more uniformly: thus, no local .x = - c. the therr.,at conductivity as a function of tempera-
h'gh-temerature region could be established easily in the gas ture becomes
phase.

On the other hand. when boron :s added, the gas phase K(T) p,,rhC' dT 2 - (3)
bce, ures less turbulent due to the damping effect of submicron . ,
boron particles present in the pyrnlyzed gases, l'his introduces
a .*malcer heat-transf'er rate within the pyrolyzed gases and where the lo:,al tcrnmratur,. gradient dT,'dx can be caiculated
causes a t ocal high-temperature region to be established more from the measured •ubsurh~ce temperature profile. B~y defnin-
readily. In addition. the radiative absorption by the pyrolyzed tion. the thermal diffuswitty con be deduced from the relation
gases mixed with boron particles is significantly increased. The
ignition delay time of borontpoly~t AMO/NMMO) is. there- 47F) K-A(;prc~,) (4)
fore. much sherter than that of pure poly(BAMOINMMO).

Because the STP method was used to deduce the thermal
Titemophsicl Prpert Chractrizaionconductivity and diffusively of the t.esting sample in the inert"Un~emophsici Prpert Chractrizaionregion, the thermocouple bead did not experience rapid tern-

Both subsurface temperature profile (STP) ,rnd laser-flash perature variations and thus was a:ble to measure the temper'
methaods were used to evaluate the thermal diffusivines and ature profile very. accura~ely. The characteristic time of the
conductivitics of the .ruel samples. Other properties, such as thermocouple used in this study was about 10 ms. 1'4 which is
densiies and specific heats. were obtained from the open much smaller thtan heat-conduction time within the inert
iiterature. A brefe description or these two measurement tech- region. Measurement errors cau-.ed by velocty and .radiation
niques is given below, followed by a discussion of results. effe--ts:" arc not present since the thennocotuple is embedded

Subsrfat~ empratue ~ ~ ST , ~in a solid, opaque fuel sample. Beca~ure of the small diameter
of the thermocouple wire, heat lossc. caused by concuction

In order to obtain a temperatute profile of the subsurface from the thermocouple bead are also negligible.' 5 The largest
region during combustion, an R-type fine-w•.'e therntocouple error introduced into the STP method l 0"C) comes from
with a diameter of 50,'rn was embedded ifl , vertically the data acquisition and reduction procedures.
mounted sc*.•d fuel sample. The sample was :hern ignitest using
a nichroume wire and burned down into the imbedded thermo- Laser-Flashi Method
couple. In this manner, both the subsurface and gas-phase 'The laser-flash rmethod&6 was also used to detcrrninc, :he
temperature profiles were obtained. The subsurface tempera- thermal diffustvity of the solid fuel samples. in this n'.ct?iod, a
ture profile could be used to deduce the thermal dtff'us~vwty short laser pulse was given to the top surface of the sanophe. A
and conductivity .as functuons of temperature therm~ocouple was mounted to the bottom surface of mhc

The STP method is b.ised rpon a one-dinicnsional heat-
conductkon etuation. In order to srmplify the analysis, a •
moving coordinate system was used wiath its origtn located at c :'oQC COtOLY'a fBAJJoiNMMoI

So SO tCLu~:l~,8

A0

re *
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Fig. 12 Temperature-time trace from User-flash btt. TEMPERATURE, T, C

IIg. 14 Th.ermal diffusirty of PTFE btween -140 sA, 12*C.2

- the testing conditions, sample propecrties, and the Blot num-
ber. In order to minimize heat losses, the Biot number for the

• 1.-. - tests conducted ii' this study were of the order of 0.02,
ensuring the reliability of the data. In addition, the sample
was mountwd on insulation material to minimize conductive

- r. losses from the bottora surface.

........ ,, Thermophysical Properties of Magnesium-Based
and Boron-Based Solid Fuels

Figure 13 shows the results obtained by the STP method
for the magnesium-based solid fuel. The specific heat. thermal

2 *- owl . conductivity, and thermal diffusivity are plotted as functionw
of temperature. The specific heat and density of Mg. PTFE.

I tptwor. I. c and Viton A were obtained from Refs. 20-22. respectively. At
Fig. 13 Thermophyyscal propertits of Mg;PTFEjViton A as functions a temperature of about 40-C, the values for both thermal
of temperatut, from STP method. conductivity and thermal diffusivity increase drastically. This

sharp increase is believed to be caused by the rapid change in
thermal diffusivity of PTFE that occurs near that temperature

sample to monitor the temperature rise as the energy from the due to the crystalline transition (set Fig. 14).
top surface was conducted through the sample (thickness of To verify the measurements with the STP method, the
I mm). Figure 12 shows a typical temptrature-time trace from laser-flash method was used to determine the thermal diffusiv-
the thermocouple on the bottom surface. The temperature ity of the magnesium-based solid ftiel at 25'C. Us;ng a sample
nses slowly and reaches a maximum valur (T,, max) after thickness of O.i53 cm. a value of 1.6 x 10-2 cm-/s was mea-
80 suMs. sured; this agrn.s seasonably well with the value of

If we assume that the solid fuel sample has a uniform initial I.1 x 10- cmi!s obtained using the STP method. The laser-
temperature distribution and that the energy from the laser flash method was also used to determine the thermal diffusiv-
ptlse is instantaneously and uniformly absorbed in a thin ity of borontpoly(BAMO/NMMO) solid fuel. 3nd a value of
layer op. the top surface, then the temperature rise on the 1.82 x 10-' cmZ/s was obtained at 25'C. Temperature profiles
bott.-oi ýrace can be expressed as"' were mcisured for the boronwpolu(BAMOiNMMO) fuel;

however, the thermal diffusivity couh ion be calculated be-
l)X7( nJrt..: ] ( cause the specific heat and density are .ior known.

" 2 L A.,Summary and Coatclusions

When Tf(L.t)/TL,,,, = 1/2, the dimensionless quantity r.*-,tLt2  The combustion behavior and tl'.ermophysical properties of
must have a value of 1.37. Cousequently. the thertTmal diffusrv- magnesium-based and boron-based solid fuels have been stud-
ity becomes ied using both a windowec strand burner and a CO, laser test

facility. Results from strand-burner tests show that the mag-
1.37LI 0.139L: nesium-based fuel burns 10% faster in nitrogen than in air,
, 1q(6 indicating that oxygen has an adverse effect on the combus-

tion behavior of this type of fuel. To vrify the oxygen effect,
where t:, is the time required for the bottom face to attain ignition de!ay times were measured uzing different oxygen
one-half of its maximum temperature. Equation (6) is accu- percentages. It was found that the ignition delay time de-
rate within 1% as long as the laser-pulse lenGth is short creased as the oxygen percentage decreased. PDL tests show
cnough to avoid any chemical reacticns and ihe characteristi.: that the fuel has a low pressure limit of 9 8 kPa for stable
tifac of the sample (defined as t , = L 'tt) is greater than ý0 combustion in nitrogen. compared to 28.1 kPa in air. Subset-
timens the lascr-pulsr duration.'• The characteristic time and face temperature profiles of the magnesium-basea fuel also
the pulse duration thus determine the thickness of the solid indicate the adverse effect of oxygen on the combustion
fuel sample. behavior.

Heat losses by convection from the top surface during the The combustion behavior of the boron-based solid fuel was
laser-flash method was investigated by Mendelsohn." He also studied in the strand burner, arid its burning rate was
found that the heat loss by convection depends strongly upon founi to have a slightly higher pressure dependence than that



MARCH-APRIL 1991 PROPERTIES OF ME TAL-EASED SOLID FUELS

290
for the magnesium-based solid fuel. Expressions for the burn. Base Bleed. Athens, Greece, Nov. 23-25, 1988, Hemisphere., New
ing rate of the magxtesium-based fuel in air. in nitrogen, and York (to be published).

'or the boron-based fuel in air were found to be 0.390p". ': Newmnan. R. N.. and Payne. 3. F. B.. "The Anomalous Brightness
0.239 p0 '0 . and 0.136 p045. respectively. To investigate the ofS7 Magnesiu-A41. ms"Cmbso n lm, o.6.N.
effect of boron on the Pure poly(BAMOINkIMO) cnerget-1c 'Farber. M.. Harris. S. P.. and Srivastava. R. D.. "Mass Spectro-
binder, ignition delay times were studied. Results showed that metric Kinetic Studies on Several Azido Polymers.** Comnbustion and
the random ignition delal times for the pure poly( BA.MOY Flame. Vol. 55, No. 2. 1984. pp. 203-211.
NM MO) became consistent when boron was added. From 'Qyum.. Y.. anid Brill. T B., "Thermal Decomposition of' Energetic
high-speed pictures of the ignition process. it was round that Materials !4- Selective Product Distributions Evidenced in Rapid.
the boron particle!, affiect the fluid -dynamics for the gaseolus Real-Time Thermolysis ofr Nitiate Ester at Various Prtssuies."* Canm-
jet. The boron also resulted in increaaed ab~sorptivity in trie. bustion and Flame, Voj. 66. No. 1. 1986. pp. 9-16.
gas phase. The combined result is a significant decrease in the iO0yum - Y.. and Brill. T. B.. -Thermal Decomposition of' En-
ignition delay time. ergeti.-Matenials 12. Infrared Spectral and Rapid Therrnclysis Studies

of' Azido-Containing Monomners and Polymers."' Combustion and
An STP method was developed in order to determine the Flame. Vol, 65. No. 2. 1986. pp. 127-135.

thermophysical properties as functions of temperature for "Snyder. T S.. Chen. D M.. Fetherolf. B L.. Litzinger. T. A.. and
these fuels, and the results were compared with those of' a Kuo. K K . "Pyrolysis ind Ign~ition oi Boron-Based Solid Fuels for
laser-flash method. Knowing the value for the specific heat of Ramnjtd Applications." 15th JANNAF Combustion Mfeeting.
magnesi um -based solid fuel as a function of tempera-ture. thc Huntsv.lle. AL. CPIA Pub, 498. 1988.
thermal conductivity and thermal diff'usivity of the fuel were *-'Klein. R.. Meniser. MI.. Von Elbe. G.. and Lewis. B.. "Determi-
calculated from a subsurface temperature-time trace. The nlation of the Thermal Wave Structure of a Combustion Wa ve by
agreement of these two methods demonstrates the validity of Fine Thermocouples.� Journal of Phi sics and Colloid Che.nuisry. Vol.

the SP metod.54. No. 6. 1950. pp. S77-884.
the STP ethod. Kubota. N.. Ohlemniller. T. J.. Cavenly. L. H.. and Sumrmerfield.
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IGNITION AND COMBUSTION BEHAVIOR OF MTV IGNITER MATERIALS FOR BASE BLEED
APPLICATIONS
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T. A. Litzinger, and K. K. Kuc

Department of Mechanical Engineering
The Pennsylvania State University
University Park, PA 16802 U.S.A.

ABSTRACT

The pyrolysis and ignition characteristics of an igniter material
composed of magnesium, Polytetrafluorethylene, and Viton A have been
studied using a high-power CO2 laser as the radiative heating source.
Methods of analysis and the instrumentation employed were high-speed
direct and schlieren photography to visualize the flame structure and
gas-phase dynamics, near-infrared photodiodes to obtain ignition delay
data, and probe sampling and a gas chromatograph/mass spectrometer to
analyze the gaseous products evolved. Important test variables were
incident heat flux, chamber pressure, and oxygen concentration. In
addition, the effect of boron addition on the ignition behavior of the
igniter charge was studied.

Ignition occurred on the sample surface under all test conditions.
Experimental results indicated that the ignition delay time decreased
monotonically as the incident heat flux was increased. Also, ignition
times decreased as the ambient pressure or the ambient oxygen percentage
was reduced; it is believed that this decrease is caused by competitive
oxygen and fluorine reactions. The direct and schlieren images showed
that the burning behavior was also distinctly different as the chamber
pressure or oxygen partial pressure was reduced. At low pressures (- 0.1
atm), no evident luminous plume evolution and gas-phase dynamics were
observed during combustion, and the igniter material decomposed in large
fragments. In an inert atmosphere, pure PTFE pyrolyzed into many
fluorocarbon compounds and Viton A pyrolyzed into a variety of
fluorocarbons and hydrofluorocarbons. However, for combustion of the
composite MTV material in air and in an inert helium atmosphere, only
hydrocarbon compounds, and CO and CO2 for combustion in air, were
observed. The addition of boron or Viton A to a basic Mg/PTFE
composition significantly lowered the ignition delay time and the
addition of boron also greatly enhanced combustion.

I. INTRODUCTION

The development of a reliable and efficient base bleed system to
increase the range of artillery projectiles is currently of great
interest. This system is designed to inject gases into the wake behind
the projectile, increasing the base pressure and reducing the profile
drag, which accounts for 50-75% of the total drag This reduction of the
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drag will increase the range capabilities of the projectile. To insure
sustained ignition of the base bleed propellant during the transition
from the severe gun barrel environment to the ambient air and also during
the subsequent flight, a supplementary, redundant igniter system is
required. Thus, the base bleed igniter propellant must be able to
sustain burning over a wide range of pressures, temperatures, and gaseous
environments. It must also be durable enough to withstand the tremendous
forces (- 10,000 G's) of setback acceleration and the centrifugal forces
of high-speed rotation (16,000 rpm). 1

Most of the work to date on base bleed has concentrated on the
aerodynamics and selection of candidate propellants. SeVeral researchers
have done theoretical calculations of the effect of base bleed systems on
the aerodynamics of a projectile. 2 -5 Experimental simulations have also
been conducted to validate the effectiveness of base injection. 7 ,8
Kloehn and Rassinfosse have written a paper on the manufacture of base
bleed propellants. 9  Howev, very few papers have been published tc date
on studies of the performanc of practical base 'leed motors and their
supplementary redundant igniter systems.

Magnesium/PTFE/Viton A (MTV) igniter materials have been considered in
solid rocket motor igniters and are now being tried experimentally in
base bleed igniter systems. PeretzI 0  stated that the use of magnesium
as the metal counterpart is beneficial because it ignites and burns
readily, thus promoting efficient combustion, and requires small amounts
of oxidizing agent to burn. Viton A (-C5H3.5F6.5-)n, a copolymer of
vynilidene fluoride and perfluoropropylene, is often added to Mg/PTFE
formulations to increase homogeneity and facii~tate fabrication. Because
of its chemical similarity to Polytetrafluoroethylene [PTFE + (-C2F4-*n],
significant amounts of Viton A can be added without altering the
combustion characteristics.

Peretz 1 1 listed the following advantages of the MTV formulation for use
as an igniter material: high energy content, high degree of safety in
preparation, low temperature and pressure dependence of the burning rate,
ease and low cost of igniter pellet or grain fabrication, favorable aging
characteristics, and stable burning at low pressures. He also listed
several advantages of metal-fluorocarbon compositions in comparison with
metal-hydrocarbon materials: higher volumetric heat release, higher rate
of reaction, much higher density, excellent chermal stability (due to the
high C-F bond strength), higher activation energy, and much lower
production of soot due to the lower content of carbon. For magnesium,
the standard gravimetric and volumetric heats of fluorination [producing
MgF 2 (s)] are almost exactly twice as much as those for oxidation
[producing MgO(s)].

The thermal decomposition of PTFE has been studied by Griffiths et al.' 2

ind Kubota and Serizawa. 13 Both groups used simultaneous UTA/TIG with
heating rates of 20 K/min 1 2 and 10 K/min. 13 Griffiths et al. observed
that the decomposition of PTFE was endothermic in argon and nitrogen but
was exothermic in air. However, Kubota and Serizawa observed the
decomposition of PTFE in argon to be exothermic. Griffiths et al. also
observed that the decomposition process became increasingly exothermic in
all gaseous environments as an increasing amount of magnesium was added
to the PTFE, and the nature of the decomposition in argon changed from
purely endothermic for PTFE to purely exothermic for a Mg/PTFE (3:2) mix.
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Kubota and Serizawa have published two of the more comprehensive papers
n experimental t�Udies nf tho rombustion of Mg/DTFEm•aferi- l1 4I

Their material also contained 3% Viton A. Chen et al. 1 5 have conducted
studies of the thermophysical properties and combustion of metal-based
solid fuels in a strand burner, including the material that is the
subject of this paper. They found that the burning rate was
consistently higher in a nitrogen atmosphere than ir air, and they also
measured the thermal diffusivity to be 1.6 x 10-2 cm2 /sec. However, to
the authors' knowledge, no experimental papers have been published to
date on the ignition behavior of MTV igniter materials.

Characterization of the ignition behavior of the MTV material under a
wide range of conditions is critical for determining the feasibility,
applicability, and subsequent performance of the igniter. Radiative
ignition has been often used in the studies of ignition behavior of solid
propellants. The high-power CO2 l'ser is now the prevailing choice for
the radiant energy source due to its advantages of precise control of
lasing time and energy flux, and a high level of beam intensity that
simulates energy fluxes found in igniters and propulsive devices.

The overall objective of this research was to investigate the ignition
behavior of a Mg/PTFE/Viton A igniter material under various ambient
conditions, to gain a better understanding of the processes governing
ignition, and to correlate this data with conditions experienced by a
base bleed igniter. Specific objectives were: (1) to investigate the
flame structure and gas-phase dynamics during the ignition transient
under various pressures and amoient oxygen concentrations, (2) to study
the variation of ignition delay time as a function of pressure, ambient
oxygen concentration, and incident heat flux, and (3) to analyze the
gaseous species produced during pyrolysis and ignition of the MTV
material and during pyrolysis of PTFE and Viton A individually.

2. EXPERIMENTAL APPROACH

A diagram of the overall experimental set-up is given in Figure 1. The
radiative energy source was a high-powet Coherent Super 48 CO2 Laser,
capable of producing 800 watts cf po-er in the ccntinuous wave mode and
3500 watts in the pulsed mode with precise control of the power output
and lasing time. A beam profile, uniform within 1 10% across the
propellant sample surface, was obtained using an aperture with a diameter
of 7 mm to allow only the most uniform center section of the beam to
irradiate the surface. For all tests, the actual heat flux was measured
with a calorimeter. A cubic Plexiglass test chamber, 25 cm on a side,
with a stainless steel top cover was used for ignition delay tests and
schlieren visualization. Two high-quality glass windows were installed
in opposite sides of the chamber for the schlieren flow visualization.
For the species sampling tests, in order to have considerable species
concentrations, a smaller Plexiglass test chamber, 10 cm long by 5 cm in
diameter with aluminum end caps, was employed. A septum, installed in
the side of the chamber, allowed for gas sampling with a syringe. The
top covers of both chambers were fitted with potassium chloride windows,
which are highly transmissive in the infrared range, ror beam entrance.
Pressure and composition of the initial gas in the chamber was controlled
using a vacuum pump, a pressure/vacuum gauge, and an inert gas supply
system.
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FIGURE 1. Experimental setup for C02 laser pyrolysis and ignition

Both the direct and schlieren images were recorded with a Spin Physics
2000 video recording system. As seen in Fig. 1, the system consists of a
controller, video monitor, and two camera heads. Maximum recording speed
is 12000 pps, but a 2000 pps recording rate was employed for this
research. The controller can display both the schlieren and direct
images simultaneously, allowing direct comparison of the flame structure
and gas-phase dynamics. The schlieren system is a "Z-type"
configuration, employing 15 cm parabolic mirrors to direct a parallel
light beam through the test chamber from a 100 watt continuous
tungsten-halogen lamp. The beam is directed and shaped by lenses and
rectangular apertures at each ena as it travels frcm the light source,
through the chamber, and into the video camera at the other end.

The MTV igniter material studied in this research consisted of 50%
magnesium particles of 325 mesh size and 99.8% purity. The balance of
the material was composed of a granular resin of PTFE p3rticles (dia.
- 30 Mn) and Viton A particles. The boron powder used in the
boron/Mg/PTFE formulations was composed of 99% pure amorphous particles
with a 0.5 pn average size.

Ignition delay times were determined using two near-infrared photodiodes
(spectral response: 0.35-1.15 fn' to sense the first light emission from
a flame or heat production from chemical reactions. One photodiode was
positioned seven cm from the sample and aimed directly at its surface
while the other one was positioned in an upper corner of the chamber and
aimed 2.5 cm above the surface to observe the gas-phase infrared emission.
To signal "zero-time" on both the photodiode traces and the direct video
image, a strobe light was employed. The data was recorded on a Nicolet
oscilloscope and transferred to an IW PC for processing.
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After a test, samples of gaseous products were drawn from the test
chamber with a one milliliter syringe. These gaseous product species
were then analyzed using.a HeylettiPackard gas chromatograph/mass
spectrometer. Most of the samples were analyzed with a Carbopack B/51
Fluorocol column run isothermally at 50 0C. A column with Porapak Q&R in
series, used to obtain data on hydrocarbon species, was run isothermally
at 50°C for the first 5 minutes and then ramped at 15°C per minute up to
200 0 C for the remainder of the rtn.

3. FLAME STRUCTURE AND GAS-PHASE DYNAMICS

Figure 2 is a sequence of images depicting the ignition transient for a
sample ignited in air at I atmosphere. Both the direct and schlieren
photographs of the ignition sequence are shown. The times below each
pair of images represefit the time elapsed from the onset of laser heating.
In each pair of images, the sample surface is at the same height;
however, the magnification of th: direct image is slightly less than that
of the schlieren image.

Ignition occurs in Fig. 2a after a delay time of 19 milliseconds. The
faint light emission seen on the sample surface in the direct image
corresponds to the abrupt, rise in the photodiode signal (.ithin 2
milliseconds) that was used as the criterion for ignition. The initial
evolution of a gaseous sphere on the schlieren image occurs slightly off
the center of the sample due to minor variations in the laser beam
intensity profile. The gaseous sphere expands upward in Fig. 2b and a
ball of flame is established within the dark outer gradients of the
sphere. The flame and evolved gases continue to propagate through
Figs. 2c-2f. A mushroom-shaped gas-phase structure can be seen inside
the outer gradient in the schlieren picture in Fig. 2e. The cap of the
mushroom is due to the formation of a vortex resulting from the

sGu . I I'

I.
3)t-! 19tins b)1t- 22 ms O)t - 3ý nis

FIGURE 2. Ignition sequence of the MTV igniter material in air a 1
atmosphere (q" - 640 W/cm2 )
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propagation of the initial sphere of gases evolved, and the stem is
formed by the continued evolution of a stream ofl gases nxrmal to the
surface. The actual steady-state flame shape has not yet been
established in Fig. 2f. but it is quite similar in size tq the inner
flame region that can be seen in the schlierern image. Large particles
can be seen in both the direct. and schlieren images in this figure.

An ignition test conducted at a low p-essure of - 0.1 altmosphlere is
displayed in Fig. i. rCearly, this ignition process is much less
vigorous than the :-athes explosive dynamics observed in the higher
pressure ignition. The first, emission of visible light does not occur
'intil 108 millisecondOs, but the phiýtodiode signal abruptly in~creases at
32 milliseconds. Evidently, the rise in the photodiode signal was caused
by a significant amount of heat 1';fifrared emission) being evolved -del
before the visible light of a flame t~as observed. Thus, the ignition at
low pressure is corre'laed with'the significant evolution of heat' from
cheinical reactions; the heat Pvolution does not directly corerespond to
the onset of a. visible flame.

Two C~st-inct phenom?na observed in Fig. 3 are the abundance of vefy 'large
particles and fragments evolved from the sample and the lack of any
gas-phase structure in the schlleren pictures. Figures 3b and 3c depict
the evolution and transport, ofl two large fragments from, the surface, and
Fig. 3d shows the first sign of a substantial flame zone established on
the surfa(,?. Tlhe.i in Ficis. 3Pe and 3f, huge amounts of very large
particles are evolved as the sample "brn. In this test, the side
surfaces of the sample weve not, inhibited, and particles evolved
horizontally in Fig. 3f are a result of side burning. After the test,
these particles fully coated the schlieren windows 15 cm from the sample
and blocked the schlieren image by the *time the sample had been
completely burned.

DIRE3CT SCIII.lPfI1

I)t IM I3 nt b) I- 108 ms III%2rn

FIGURE 3. Ignition sequence of the MTV igniter material in air at C 0.1
atmosphere q'-4301 W/cmZ)
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A set of ixrages depicting ignition in an inert atmosphere of nitrogen
0.~5% 0-, isgiven in Fig. 4. The gas-phase dynamica follow roughtly

the same prmgression as !~hose fer tests in air. The gradients are
noticeably Oarker, though, iineicating stronger density and/or temperature
gradient-s. ý:-'i the flame structure is otviously quite different from the
ignition tests in aigr at one atmosphere. The flamre initially propdgates
to a neigh". around 1A0 centimeter above the sample surlace and then
r=ecedes to the steady-state shape seen In Flg. 4f1. Comparing Figs. 2 and
4, it can deflinitely tue concluded that oxygen plays a signific~ant role in
the reactions that produce a large luminous plumne durinig ignition. The
final stte~dy-state flame is also larger for the case of air.

Finally, Fig. 5 d-"Isplays two schlieren images with different levels of
magnification that were Obtained using different focal lengths of
collirnating lenses in front ýf 'the camera. The lenses used for FNos. 5a
and 5b proy-de magnificatio.-. a' 1.8 ard '.Z, ~espec~tihve!, OF ihe isnages
ciis!olayed in Fics. 21-4. Both images in Fig. 5 represent ignition in ,-;r

I atmosphere, Measuremrents take'i from all, the images, irrespective cf
thi level of macraificatiorf, corresponded very well, confirming the
acc~irp~cy anO reproducibility of the schlieren system, These measurements
showed that the primary flame zone established on the samp'le svr face is

1.21. m in height.

The ignition delay behavior of the MTV igniter material wias investigated
as a function of pressure, heat flux,and ambient oxygen concentration.
The ignition delay times were determined from the photodiode traces as
the elapsed t-rime fronm the initiatien of laser heating to the distinct
point where the siv~al rose very abruptly, evidenced by the typical
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photodiode trace given in Fig. 6. There is a very abrupt "spike" in the
signal which drops and then rises again to a relatively steady state.
This ignition delay time.was normally within 2-3 milliseconds of the time
elapsed until the first light emission observed in the direct image.
After ignition, combustion of the samples was sustained until they were
totally consumed, regardless of the ambient conditions.

Figure 7 exhibits the ignition delay behavior as a function of ambient
pressure and incident heat flux. The two curves indicate the pressure
dependence, one for ignition at 1 atmosphere and the other in a relative
vacuum of less than 0.1 atmosphere. Most importantly, it can be seen
that the ignition delay times are shorter at lower pressure. Also, the
profiles of both curves as a function of the radiative heat flux from the
CO2 laser are quite similar. In other words, lowering the pressure
merely serves to shift the curve down while maintaining the same flux-
dependFt profile. However, the reason for the shorter delays at lower
pressur2s can most likely be explained by the results given in Fig. 8.

Figure 8 illustrates the effect of the ambient oxygen concentration on
the ignition delay behavior at a constant heat flux. The curve shows
that the ignitiun delay time increases with an increase in the ambient

oxygen concesitration. Although more data is n.eded to confirm this
behavior, the trend is believed to be correct, and it represents a
significant point in understanding the ignition mechanisms. This
behavior is also the most likely justification for the lower ignition
delays at lower pressures observed in Fig. 7, since as pressure
decreases, the concentration of ambient oxygen also decreases.

2001 I
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P I atm
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FIGURE 7. Effect of pressure and incident heat flux on ignition delay
time of MTV igniter material in air
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FIGURE 8. Effect of oxygen concentration on ignition deldy time of MTV
igniter material at I atmosphere (y - 400 W/cm2 )

In this work, it is believed that the inhibiting effect of oxygen
observed in Fig. 8 was due to the reaction with Mg to form MgO and thus
prevent the fluorine from reacting with the Mg. Since the gravimetric
heats of oxidation and fluorination of Mg are 24.75 KJ/g and 46.25 KJ/g,
respectively, 11 the reaction of oxygen with magnesium would generate less
thermal energy than the reaction of fluurine with magnesium, producing a
longer ignition delay in air. Ignition delay tests performed on a pellet
composed of a 1:1 mixture of PTFE and Mg without any Viton A showed that
the ignition delay was approximately twice as much as that of the MTV
igniter material under the same conditions, leading to the conclusion
that Viton A is the rate-controlling ingredient for ti4e 1l'T formulation,
Prcperties of these polymers that would seem to substantiate th's
behavior are the decomposition of Viton A at 589 K1 6 versus 803 K1 3 for
the PTFE, and activation energies of 210 KJ/mol and 350 KJ/mol,
respectively. The effect of oxygen on the ignition delay of the MTV
igniter material should then be a result of its effect on Viton A, in
addition to its effect on magnesium. Also, the appearance of first light
emission always occurred on the surface, suggesting that heterogeneous
reactions may be involved in the ignition process.

In an attempt to improva the ignition and combustion of the MTV igniter
material, boron was added to several different formuletions of Mg and
PTFE. The ignition delay results are presented in Fig. 9. The results
indicate that increasing the amount of boron in an Mg/PTFE formvlation
significantly reduces the ignition delay time, with the shortest delay
observed for a 50/50 formulation of boron/PTFE without any magnesium.
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FIGURE 9. Effect on ignition delay of the cddition of buro'n anC Viton A
to tz!4n/PTFE material iignition in air at I atmosphere)

Two factors considered in explaining this trend were radiation
reflectivity at the 10.6 pn wavelength of the CO2 laser and thermal
diffusivity. The reflectivity of magnesium is about 0.75,17 which is
much greater than that of boron. Therefore, a large part of the laser
energy may be reflected away from the surface of samples containing
significant amounts of magnesium. It was considered that the ignition
enhancement by boron observed in Fig. 9 may be an artifact of the laser
and not a practical consideration for the improvement of the ignition of
Mg/PTFE igniter material. However, the combustion after laser cutoff of
the Mg/B/PTFE formulation with 30" boron w.,*s much more vigorous than the
formulation without any boron, indicating that the addition of boron does
have a significant physicochemical effect. Also, the thermal diffusivity
of magnesium is 0.876 cmi2 /sec, which is eight times higher than that of
boron. Consequently, in a sample containing magnesium, the rate of
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I
pe'.-t.ration of the thermas wave is m,.ch higher. This phenomenon lowers
the rate o$ increase of the surface temperature, which in turn, increases
the delay time to ignition.

Another important observation from Fig. 9 is that the replacement of PTFE
ir. the 50!50 'ig/PTF;E formulation with an amount of Vitor, A significantly
reduced the ignition delay time. Kubota and Serizawa%3 reported that the
addition of 3A Viton A to their Mg/PTFE formulation did not alter the
burning rate. However, the MTV igniter material tested here contained a
higher pe:rcentage of Viton A, and the effect on the ignition delay time
was obviously significant. The iower delay times are believed to be
caused by the lower decomposition temperature and lower activation energy
of Viton A, in comparison with those of PTFE, which were reported
earlier.

5. PYROLYSIS AND ,-,iITION PI rUCT SPECiES A!NLYSIS

the gaseous spezies evolved during the pyrolysis of PFE and Viton A, and

the iunition of the MTV igni!._r ;-oateria, were analyzed with a gas
chronatograoh/mass soectromet,.r_ iests were conducted in both an inert
atmosphere and in air to investigate the role of oxygen in the ignition
processes. Solid ignition products were also anaiyzed by X-ray
diffraction.

The pyrolysis Cf PTIFE in an inert N2 environment at one atmosyhere
priduced the total ion chromatograph giyen in Fig, 10. The sample -vas
11e3teJ twice by a heat flux of 430 W/cm2 for two seconds each time. The
manst abundant species evolved are C2 Fg, C2 F4 (the monoicer), C3F 6 (two
isomers), UF4 , ai-d tWo i•cmers of C4F . Interestingiy, the most abundant
species, perfluoroethane (C2 F6 ), was not listed ir, a depolymerization/
degradation chart for PTFE presented by Elias, 18 but was the most
abundant compound observed in the pyrolysis of bo- PT-ME and Vicon A.

C'.

, I I7e

0 2 4 6 8 1 I• 14

FiGURE i0. Chromatograph of the pyroly-sis oil PTFE fin an inert N24
environment at. 'I atmosphere (q" - 430 W/c~m2 for 2 heatings of 2 seconds)
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FIGURE 11. Chromatograph of the pyrolysis and reaction of PTFE in both
an inert N2 environment and air at I atmosphere (q" - 4311) Wfcm 2 for 2heatings of 2 seconds)

Figure 11 compares the inert pyrolysis of PIFE (shown i- Figs. 10 and
lia) with the pyroi'sis and reacLioii of PTFE in air at I atmosphere. It
can be seen that the amount.s of C3 F6 and C4 F8 decreased sightly for
pyrolysis and reaction in air (Fig. ilb), compared to pyrolysis in
nitrogen (Fig. 1a',. The amount of C2F 6 appeared to remain the same.
The amount of CF4 appeared to increase in Fig. lib, but the mass
spectrometric breakdown of ti.at peak indicated that CO and CO2 were also
eluted at that time, and the1three compounds could not be individually
re~oived. Griffiths et al. r reported that CO2 and CF2 0 had been found
by several otier researchers for the reaction of PTFE in air. However,
the existence of CF2 0 could not be confirmed by the present apparatus.
Using a microburner to study the premixed burning of several
fluorocarbon-oxyger. mixturos, Mlatula 1 9 reported significant burning of
mixtures containing C3F 6 and C4 F8 . lie also reported that C2 F6 -0 2 and
CFg-0 2 mixtures could not be ignited at one atmosphere of air. These
results are consistent with the results presented in Fig. 11.

Figure 12 gives the total ion chromatograph for the pyrolysis of Viton A
in an inert U2 atmosphere. The major species evolved were CF3 H, C2 F6 ,
C2 F4 , C2 F3 H, CZF5H, C3 F4 HA, C3 F6 , C3 F5 H, C4 F6H2 , CsF1 O, C5 F7 H, and C4 F6.
The two most abundant species evolved were C2 F6 and C3 F6 , which were also
the most abundant species, along with the monomer, that were evolved from
PIFE. The similarity of products between PTFE and Viton A substantiates
the claim that the effect of oxygen on the decomposition products for
Viton A and PTFE may be quite similar. Interestingly, no CF4 was
observed for VM1on A, but a peak observed at the same time it is normally
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FIGURE 12. Chromatograph of the pyrolysis of Viton A in an inert N2
environment at I atmosphere (q" - 430 W/cm2 for 2 heatings of 2 seconds)

eluted contained CF3H. A trend was observed where fluorine atoms were
replaced by hydrogen atoms in some of the more common CmFn structures
(i.e., C3 F6 -> C3 F5H).

The chromatographs of the gaseous product species evolved for the
ignition and combustion of the MTV igniter material are presented in
Figs. 13 and 14. Since the 5 millimeter cubes of igniter material were
totally consumed after ignition and the gas samples were taken after the
test was over, the species analyzed were the products of sustained
combustion and not just ignition. Figure 13a displays the results of
tests conducted in air, and the tests for Fig. 13b were conducte.d in an
inert nitrogen atmosphere. Magnesium compounds were not observed in the
gaseous state in either case. As was seen in Fig. 11, tests run in air
also produced CO and CO2 as well as most of the other products identified
in the combustion in an inert atmosphere.

The rest of the peaks observed in these chromatographs establish an
important point to be considered in the mechanisms of ignition and
subsequent combustion of the igniter material. Almost all of the species
observed for combustion in both air and an inert N2 atmosphere were Cal1b
compounds, and the numerous CmFn and CxHyFz observed in the pyrolysis of
Teflon and Viton A were not found in the combustion of the MTV igniter
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FIGURE i3. Chromatograph using Carbopack B/5% Fluorcol Column to analyze
the gaseous products of ignition and combustion of the MTV igniter
material (q" - 430 W/cm2)
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FIGURE 14. Chromatog-aph using a series of Porapak Q and R columns to
analyze the gaseous products of the ignition and combustion of the MTV
igniter material in air at I atmosphere (q" - 430 W/cm2 )
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material. A probable explanation is that the primary pyrolysis species
are consumed to form undetected HF or to form the observed MgF 2 solid
products. Also, the small peaks from 8-13 minutes observed in the inert
combustion tests are not evident in the combustion in air; clearly, the
combustion in an inert atmosphere is not as complete as that in air.

In Fig. 14, gas samples of the MTV material ignition and combustion in
air were also run through a series of Porapak Q and R columns for species
identification. These columns are more applicable to detecting CaHb
compounds. However, only small amounts of a few compounds of this type
were detected, as well as significant amounts of CO and CO2 . These
results verify the results given in Fig. 13a for the same experimental
conditions using the Carbopack B/5% Fluorcol column for analysis.

X-ray diffraction analysis was also used t3 investigate the composition
of the condensed-phase species evolved during the combustion of the
propellant. MgF 2 , MgO, and carbon were detected in varying amounts,
depending on the test conditions. Of course, MgO was only detected in
significant amounts for the combustion in air.

6. SUiMARY AND CONCLUSIONS

The pyrolysis and ignition characteristics of a Mg/PTFE/Viton A igniter
material were :tudied under radiative heating by a high-power CO2 laser.
The ignition sequence was recorded by both direct high-speed video
photography of the flame structure and schlieren flow visualization of
the gas-phase dynamics. Ignition delay times were obtained as a function
of incident heat flux, pressure, and ambient oxygen concentration. A
gas chromatograph/mass spectrometer was used to analyze the pyrolysis and
ignition products of the test sample and its constituents.

High-speed video photography showed that ignition always occurred on the
sample surface. A primary flame zone attached to the surface with a
height of 1.2-1.5 millimeters was observed in both air and inert gas
environments at one atmosphere. The size of the luminous gas-phase plume
above the primary flame decreased with a decrease in ambient oxygen
concentration for tests conducted at one atmosphere. However, at a
pressure of - 0.1 atmosphere, no evident plume evolution and gas-phase
dynanics were observed, and the igniter material decomposec in large
fragments.

Ignition delay times decreased monotonically as heat flux increased,
pressure decreased, or ambient oxygen concentration decreased. The
effect on ignition delay of adding boron or Viton A to a basic
composition of Mg/PTFE was also investigated. The addition of boron
significantly lowered the ignition delay time and greatly enhanced
combustion. The addition of Viton A, which has a much lower
decomposition temperature and activation energy than PTFE, greatly
lowered the ignition delay time, which led to the conclusion "hat Viton A
is the rate-controlling constituent for ignition of the MTV igniter
material.

For combustion of the igniter material in both inert N2 and air
environments at one atmosphere, the only gaseous product species detected
were several hydrocarbons, with the addition of CO and CO2 in air.
However, for pyrolysis of PTFE and Viton A individually in an inert N2
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environment, numerous fluorocarbon species, and hydrofluorocarbons for
Viton A, were detected. It was concluded that these primary pyrolysis
species are consumed to form the detected hydrocarbons, CO and CO2 for
combustion in air, undetected IIF, and solid MgF 2 and carbon. These
condensed phase products were identified by X-ray diffraction. Solid MgO
was also observed for combustion in air.

In su,,,mary, the MTV igniter material with the addition of boron is highly
recommended for base bleed applications, due to its suitable ignition
behavior under various gas and low-pressure environments.
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Dr. N. E. Gunners' Question: In your paper you say that "the MTV igniter
material with the addition of Loron is highly recommended for base bleed
applications." In conventional base bleed applications, the ignition
takes place under conditions rather different from your experiments.
Would you please comment on this? Do you have other information--not
reported here--sipporting your recommendation?

Answer: We understand that the actual conditions for ignitiofn of the
base bleed igniter material in the gun environment are quite different
from the well-controlled laboratory conditions under which these
experiments were conducted. In the gun environment, ignition is due to
thermal energy input from hot gases, while ignition by a high-power laser
is due to radiative energy input. However, in both cases, ignition of
the igniter material is caused by an external thermal energy input to
increase the energy in the thermal layer near the surface of the igniter
material to a critical level.
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The ignition delay is governed by the rate of this thermal energy input

to the test sample. The rate of energy input experienced by the igniter

mattrial in the gun can be simulated by the controlled radiative energy

flux from a high-power laser. In addition, the fundamental understanding

of the ignition processes of the MTV igniter material can be better

achieved by the well-controlled experimental setup.

Presently, we do not have additional results to support our

recommendation. However, we are conducting a comparative study between

convectively-induced ignition of the igniter material in a shock tunnel

environment and the C02 laser-induced ignition.

Dr. A. Gany's Question: You relate your ignition data to the heat flux

to the surface, while the heat balance may be different under practical

system conditions. Did you consider a possibility that a certain surface

temperature could be an ignition criterion? Is there any indication of

the propellant surface temperature at the instant of ignition?

Answer: In reference to your first statement, please refer to our answer

to Dr. Gunners' question. Regarding your question about a critical

surface temperature, fine-wire surface thermocouples were not employed in

our ignition experiments. They cannot survive the vigorous ignition of

the MTV igniter material and the subsequent self-sustained flame attached

to the surface. However, separate tests were conducted in a strand

burner using embedded thermocouples to determine the burning surface

temperature, which is believed to be comparable to the critical ignition

temperature. This temperature was found to be 1000K j 100K,
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An instrument has been developed for measuring high-power laser beam profiles and the araount
of beam attenuation during radiative ignition of solid propellants. The detector houses a 1.0 mm
square PZT (lead-zirconate-titanate) sensing element that responds to changes in incident laser
beam intensity. A chopper wheel with three slotm was employed to produce the changes in beam
intensity required by the element. The resultant output signal is a series of "spikes" whose height
corresponds to the level of beam intensity. Profiles of a high-power CO2 laser beam wereo'btained
by using the detector to acquire a series of radial data points which were then iraphed to yield the
beam profile. Experiments were also conducted to measure the amount of attenuation of the laser
beam during the ignition of solid propellants. This was done by mounting a small sample of
propellant on a thin plate above the detector, cutting a 1.5 mm hole through the propellant and the
plate, and aligning the hole with the sensing element. The gases and particles evolved during
ignition and subsequent combustion of the propellant attenuated the laser beam as it passed
through the gaseous plume and the small hole in the sample before being measured by the sensor.
The intensity measured by the sensor was then used to quantify the level of transmittance of the
beam through the gaseous plume to the propellant sample surface. Results are presented and
discussed for a beam profile test and two attenuation tests performed on different energetic
materials.

INTRODUCTION Akau et al' studied the effects of laser beam attenuation

Several !esearchers in the field of so!id propellant ignition cn the weld penetration depth using a Nd:YAG laser to weld
and combustion have used a high-power CO, laser as a'ra1- four different metals. They found that the we!d penetrationandv combustion haeusced a Forthigh-ypower Cof lserc !as a increased significantly when the gaseous plume evolved

er from the welded surface was subjected to a crossflow of ar-
beam profile must be relatively uniform across the propel-
lant surface. If a nonuniform profile exists, the ignition delay g Vrn gas.timeandthe heral wve ropaatin wil b govrne by Very few instrument.s are commercially available which
time and the thermal wave propagation will be governed by can me-asure and profile the radiative intensity and the pat-
the high intensity regions. and the assumption of a uniform
beam profile may lead to an erroneous ignition m.ndel for the tern of a high-power laser beam, and those available are of-
propellant. Numnerous methodshave been employed in at- ten prohibitively expensive. Several inexpensive methodshave be eotdfrpoiigalwpwrlsrba,"
tempts to obtain a uniform beam profile, such as an expand- been reported for profiling a low-power laser beam, 7 A

ing lens,' vibrating mirrors, and kaleidoseopes and masks.3  but the detector elements employed usually cannot with-
Anthr i t -y _ e stand a high-power bea-mquoThis'article describes an instrinrtt that was used toing the ignition behavior is the amount of attenuation of the profile a high-power laser beam and to measure lataser beamt

laser beam by die gases and pasticles c .olved from the pro- attenuaio dring radiative ignition of solid propellaALs ana
ptellant sample during the ignition process. Kashiwagi l a uels.Thetintrumentiomp °fsaZidprconata-
found that there was significant attenuatton of a CO, laser Solid fuels. The iostrumentz mploys a PZT (lead-zirconate-
beam by the gaseous plume in the ignition of wood (red oak) titanate) detector element' as the high-energy beam sensor.
and polymethylmethacrylate (PMMA). Ohlemil!er et aW Since this element reacts only to changes in incident inte-si-

studied dynamic effects on the ignitability limits of several ty, the incoming beam is regulated by a slotted chopper
solid propellants under radiative ignition. They found that wheel that provides three intemity peaks per one revolution
certain propeilants extinguished immediately after laser cut- ofthe wheel. The detector signal output iz relayed to air oscil-

off due to the abrupt imbalance in the heat fluxes to and from loscope for display and proecssieg. Re. of the laser beam
the burning surf~ace. This dynamic extinction behavior was profile and beam attenuation m,-e-rrmments will also be pre-

the urnng urfae. 1 hs dnami exincion ehaiorwas sented and discussed to substanitiate the wsefulnes. of thisnot sten with propellants containing platonizing catalysts, intrument.
and they propozed that these propellants may undergo a

more gradual flux termination because they produce gaseous
product species that absorb this wavelength of laser b.tam
and consequently reduce the level of the heat flux imbalantce
upon laser cutoff. Thus, the effects of laser beard attenuation
or. the radmati e ignition of solid propellants must be uriit.r- A schematic diagram of the laser beam profile and beam
stood before a realistic model can be developed, attenuation measuring instrument is displayed in Fg. 1 The
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FIG. 1. Schematic diagram oifnmurument.

principal component of the instrument is a 350-1 PZT laser For beam attenuation measurements, a small sample of
pulse detector produced by Barnes Engineering Company. '  the solid propellant or solid fuel, 5 mm square by ! mm
The sensing element i, a 1.0 mm square ceramic composed of thick, was glued on a plate that was fastened to two threaded
lead, zirconate. and titanate that combines the characteris- rods which extend above the instrument (Fig. I). Depend-
tics of a high Curie temperature and high mechanical ing upon the mechanical properties and sensitivity of the
strength to reduce the susceptibility to thermal shock. Ad- propellant, a 1.5 mm hole was either stamped or drilled
vantages of using this detector include a high energy capabil- through the sample, and that hole was aligned with the sens-
ity of up to 200 W/cri2, a low cost of about S100, and the ing element. For beam profile measurements, a thin metal
ability to emplo the detector at room temperature. Other sheet with a 0.5 mm hole was fastened to the plate above the
specifications include a very high response speed of 10 ns instrument and the hole was aligned with the center of the
with a 50 fl load and a responsivity of 1.5 ua/W. The sensing sensing element. Using this smaller aperture improved the
element is housed in a TO-5 package which is installed in a spatial resolution for beam profiling.
2.7 cm diamete; heat sink to enhance its h'gh-power han- During initial testing of the attenuation instrument, the
dling capability. k 2.5 cm diameter potassium chloe.de win- small air movement caused by the high speed of the chopper
dow, which is 97% transparent to the 10.6!ym wavelength of
the CO2 laser, was fastened to the top of the heat sink to
protect the element from the gases and particles evolved dur-
ing propellan: ignition. 401 1 1 • I

The 10.0 cm chopper wheel was made from 0.2 mm
thick stainless-steel sheet, and three 1.0 cm square slots were ",
cut in the outer edge with a 120' spacing. The wheel was .I
bolted to a small aluminum hub, which was pressed on to the I
shaft of a 1.5-9 V dc motor. The voltage input to the motor >.
was fed through a BNC cable, which was connected to a G
small control box. The control box was powered by a 6 V ac II
adapter and contained an on/offswitch and a potentiometer I -

for speed control. The 6 V input and variable resistance al- "
lowed for speed control of the chopper wheel from
0-6500 rpm. The PZT signal output was then relayed 0 KL
through a BNC cable to a Ni.Dolet osciiloscope for display, S t ,o 15 20 2 30

processing, and storage, "7he entire setup was housed in a TIME (izmj

7.5 X 10 X 15 cm instrument box, and a 1.25 cm hole was cut Fio. 2. Osc!ilosope -race orsignal from instrument (I = 125W/cra".chop-
in the top for the entrance of the laser beam. per speed = 3300 rpm).

Rev. Sol. Intst.-um., Vol. 61. No. 1, January 1990 Laser beam profile
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wheel disturbed the gas-phase ignition processes of the pro- and then are plotted to produce the profile. To profile the
pellant. A thin al," uinim plate with a hole only 1 mm larger beam, the instrument is first placed on a precise X-Y posi.
than the hole i-i tha propellant sample was then fastened to tioner. The instrument is then centered by using a short laser
the top of the instr iment box. This eliminated the effect of pulse to bum a profile on thermal paper and aligning the
the air moveme-it induced by the chopper wheel while still aperture with an axis through the center of this profile. The
allowing the beam to pass through to the sensing element, intensity is then measured in steps of 0.5 mm along this axis.

In order to obtain the optimum signal pattern and spac- Tests were conducted to obtain the full circular profile of the
ing for ease of analysis of the oscilloscope trace, the rise time laser beam, and the data showed the beam to be axisymmet-
of the detector was modified by attaching two 2.2 k.1 resis- nic within + 5%. Therefore, profiles of the beam in any radi-
tors in parallel with the detector leads. This produced a rise al direction can be assumed to be a relatively good represen-
time of 200 ps, which, in conjunction with the proper sam- tatior. of the overall beam profile.
pling rate setting of the oscilloscope and a chopper wheel The instrument was used repeatedly to profile the beam
speed of 3300 rpm, produced the pattern depicted in Fig. 2. during tests conducted to obtain the most uniform beam pro-
Tests were usually run with a total osclloscope sampling file using various beam-modifying apparatus, and it is also
time of 200 ins, so the pattern in Fig. 2 is approximately 17 used to recheck the beam profile periodically. The time re-
of the usual trace that is recorded for evaluation. Obviously, quired (= 7 mm) to profile the beam with this instrument in
the only point of significance on each signal spike is the peak comparison to real-time beam profiling instruments was not
value, and the peak values are used to develop plots of beam critical in this research, and the tremendous financial say-
profiles and beam attenuation curves. ings gained by using the PZT measuring instrument far

A near-infrared photodiode was also employed in the outweighed the amount of time required. The total cost of
attenuation tests to determine the time of igna.on. Ignition this instrument was less than $120 as opposed to the $6000
%as determined by the point where the photodiode signal price for a real-time, high-power laser beam profiler.
rose very rapidly, indicating intense light em'ssion from the In summary, although this instrument takes a longer
developing flame. A high-speed Spin Physics video camera amount of time to profile the laser beam compared to the
( 12,000 pps max.) in conjunction with a schlieren flow visu- diremt result obtained with a real-time beam profiler, the tre-
alization system was also employed to visualize the flow of mendous financial savings makes it very attractive f'r re-
the gases and particles evolved from the propellant sample searchers using a high-power laser who do not need to con-
during ignition. tinuously measure the laser beam profile.

II. RESULTS AND DISCUSSION B. Beam attenuation measurements

A. Beam profiling Results of a test run using the measuring instrument as an
Figure 3 illustrates a radial laser beam profile obtained attenuation tester are presented in Fig. 4. The X axis repre-

with the measuring instrument. The laser employed was a sents the time elapsed during the ignition process, and the Y
high-power CO. laser capable of 8CO W of power in the con- axis represents the transmittance of the laser beam through
tinuous wave mode and 3500 W in the pulsed mode. For the gaseots ignition plume, which is given as the ratio of the
be;am profiling and attenuation tests using this instrument, intensity recorded by the sensor during the test to t.e initial
the laser was set to produce a beam intensity of =200 W/ beam intensity. The curves depicted in Fig. 4 were obtained
cm-, which is the maximum intensity rating of the sensor. during the radiative ignition of a sample of an energetic co-
This instrument is not capable of producing a full profile of polymer (BAMO/NMMO) and a pyrotechnic material
the laser beam in one test. However, intensity measurements (MTV) composed of =50% magnesium particles and the
along a diameter of the beam can be obtained very quickly polymeric binders polytetrafluoroethylene and Viton A. The

* .o ' : . -Xg .itnition. ]
0.8-0 -

S60 . d '• BAMO/NMMO
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40-- MTVSmaterial

Z20

20 0.0- -

o 0 20 0 60 a0
-4 -2 0 2 4 "TIME (m-)

POSITION (rmm)TIEms FiG. 4. Transmittance of laser beam through gusenzs plume during ignition

Fit.. 3. Axial profile of CO. laser beam (I = 200 W/cra"). sequence of tmo energetic mattals 11 = 125 W/cma. t = 70 ms).
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ignition and subsequent combustion ahd cause total attenu- 15. ,161 (1979).
ation of the laser beam. 'J. U. K:=. Loset Ignition ofNitromine Composite Prqvelants. Ph.D. The-

sis, Pennsylvania State University, 1988.
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CHAPTER 3

NONINTRUSIVE FT-IR DIAGNOSTICS FOR SPECIES AND TEMPERATURE

MEASUREMENTS OF PRODUCTS FROM SOUD PROPELLANTS

I. Introduction

The success of flame diagnostics of solid propellant combustion has so far been limited

due to the extraordinary experimental and theoretical challenges that exist. For example, the

stoichiometry and flow rates of the fuel and oxidizer cannot be controlled after ignition.

Furthermore, the burning rates often are extremely high In laboratory settings, limiting the

available times for data acquisition. On the theoretical side, many current models treat the

propellant flame chemistry in a relatively limited way. The chemistry is represented by only a set

of global reactions, and the overall combustion bphavior is lumped into an overall momentum

and energy transport problem, which only emphasizes the thermophysical behavior. The

employment of several global reactions however, leads to a limited predictive capability, because

the selection rules of the appropriate global reaction mechanisms are riot well understood. Thus,

it is clear that much more work is required.

Recognizing the potential usefulness of Fourier-Transform infrared (FT-IR) spectroscopy

as an important diagnostic tool for both condensed and gas phases, a rapid-scanning FT-IR

spectrometer (Nicolet 740) was acquired via ONR's support through the DoD-URIP program, The

use of such a device should enable one to perform both flame diagnostics and to increase the

data base of radiative properties of substances that are required in calculations of IR-signatures

using advanced computer codes.
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II. Objectives of Work

The overall objective of the work is to deduce species concentration and temperature

profiles of prodLcts from the combustion of small strands of solid propellants and fuels, and

pyrotechnics using the FT-IR spectrometer system. To successfully meet such an overall

objective, the following specific objectives were devised.

1. Design and construct a transparent test chamber with optical access for the

modulated beam of the spectrometer, and with pressure and purge gas control.

2. Design and construct a system for accurate control of pos-tion of burning surface

relative to line-of-sight of modulated beam of spectrometer.

3. Design and construct anr enclosure between transparent test chamber and

spectrometer bench for protecting the modulated beam from the interference of

H20, C02 and particulatos.

4. Design and construct a high temperature furnace (1 30K) which is necessary to

measure reference spectra of IR active gases, such as CO, H,0, CO, CH, etc.

5. Design and construct a small boiler which is necessary to vapo,;-.a substances

that exist as a liquid at S.T.P.

6. Assess the overall signal-to-noise of spectrometer system In order to determine

the s,, atial resolution that can be achieved in spatial profiling measurements.

7. Perform emission and transmission measurements on plume products to assess

overall system performance.

8. Perform emission and transmission profiling measurements on test samples of

particular Navy Interest.

9. Process and analyze data, and compare the obtained results with results that

have been obtained by other workers using different measurement techniques.



Many of the above mentioned objectives have been met. since The award of the DoD-URIP

Grant, whi ch started an February 15, 1989. The spectrometer itself was Instalied in the midr.4li

of November, 1989. In the following sections, we shall present only a short description of the

setup of the spectornrnter system and the type of measurements that have been conducted; the

details have been elaborated in the enclosed papers in the Appendices 3.1 -3.3.

Ill. Method of Approach

The FT-IP spectrometer, which is the Ir'strurnent that detects the theimal radiation, is

baoed on Michok on's principle in that a beam of radiant energy is, first split up by a bearnsplitter

into two legs ot'ant.-terferomater and then recombined to form a modulated beamr (Griffiths and

de Haseth, 1 986). 11 transmission measurements, the modulated beam is incident on the test

sample and the transmnitted component is measured by a detector. In these measurements, the

radiant energy emitted by a blackbody source is used to t'onstruict the modulatsd beam. In

emission measurementle, Inc emitted energy from a hot test sample (cornbustion products and

hot surface of solid prope~ian1t) Is the source of the radiant energy of the modulated beam and

is measured by the drstector. However, all wavelengths cannot be detected usnrg a single

detectoribeamspiitor combnatiorl, instead, 14F is necessary to ernpicoy several different detectors

and beamsplitters and repeat the exporiment The FT-IR located in the 11130. has thle rapability

of using three different detectors. ~tne liquid nitrogen cooled mereury*-cadmlurn-tslluride (MOT)

detector covers the wavelength rarige beltweer 2 and 20 pm, thelerad-selenide (PbSe) :ýctector

covers 1 -5 ;Lm, and the silicon (8i) dtetVcor c.overs 0.67-1 !.1 lim. Two different beeamtsplitter's ara

required: the KBr on a Ge substrate bearnsplitter covers 2-20 pm and the quartz beamsplitter that

covers 0.5-2.5 tim.

Measurements using the FT-IR spectrometer can be performed rapidly compared to

wavelength dispersive instruments, For examnple, at b~ = 4 em" resoluttion (AXL 0.01 Palm at
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I = 5 pm and 4296 data points), which is often sufficient to resolve the spectral line features of

most combustion product gases, such as CO., CO, HCI, HF, and H.0, measurements can be

performed repeatedly at the rate of 300 ms using a double-sided interferogram. The

,easumement time can be reduced significantly by decreasing the resolution to Av = 16 cm* and

only acquiring single-sided interferograms; in this case, the measurement time is approximately

50 ms, but it is doubtful that the spectral line features of most diatomic molecules can be

resolved with sufficient accuracy unless the pressure broadening effects are significant.

Currently, the FT-IR spectrometer system is being employed to determine the temperature

and species profiles of the products formed during the combustion of a small (0.25 inch diameter,

1.25 inches long) propellant strand within a pressure controlled windowed test chamber (Klotz

et al., 1990). The overall schematic diagram of the experimental setup is shown in Fig. 3.1. The

small strand is placed on a pedestal within the windowed test chamber and ignited by using

electrical resistance heating of a nichrome wire, which is inserted into the top of the propellant

strand. Since the regression of propellant surface changes the measurement location relative

to the instantaneous propellant surface, it is &oecessary to fix the position of the burning surface

relative to the measurement line-of-sight location of the modulated beam generated by the FT-IR

spectrometer. Such -position control is achieved by using a He-Ne laser, a photodiode, a

programmable linear actuator and a PC in a closed loop feedback system with proportioning-

integral-derivative (PID) control. This position control system has worked very well for all the

propellants that have been tested in our laboratory. The experimental setup is capable of

measuring either the emitted IR energy from or the transmitted IR energy through the combustion

products at a spatial resolution to within 1 O01m. The optical setup is shown in Fig. 3.2. To our

knowledge, it is the only setup of an FT-IR spectrometer system that has a demonstrated

capability to perform such experiments. Since the pyrolysis and/or final products may contain

more than one phase, it is important to have the capability to perform both emission and
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transmission measurements. The Importance of having such a capability is revealed during a

comparison of measured spectra of combustion products from a standard solid propefh

discussed in the following section.

iV. Discussion of Re-tiults

A. Emission and Transmission Measurements

Figures 3.3 and 3.4 show the spectral emissivity and transmissivity, respectively, of

AP/HTPB as a result of coaddition of sixteen spectra. The data were taken at a 2cm"1 resolution

with the FT-IR operating in the rapid scan mode (approximately 0.5 sec/spectra), with triangular

apodization and with phase correction". The measurement conditions were as follows: the

strand was approximately 6mm in diameter, the center of the line-of-sight measurement location

was approximately 30 mm above the burn~ng surface, and the diameter of the spot size was

about 10 mm. Inspection of the video recording shows luminous combustion products of

approximately 40amm in diameter and that the combustion is somewhat unsteady at 1 atm

pressure. Examination of Fig. 3.3 reveals the following. First, the achievable signal-to-noise is

extremely high. This is most noticeable in the 4500 - 4000 cm' region where we observe no

emitting species. Second, there appears to be al;..-.t no soot formation. The emission from

soot is continuous and proportional to v, which should reveal itself as a slightly decreasing

continuous broadband which is absent in this figure. Finally, many characteristic infrared bands

from the combustion products are clearly shown (Herzberg, 1968).

The strongest infrared emission bands are readily identified as C02, H20, HCI, CO and

fragments of HTPB. The carbon dioxide has four strong absorption bands (at room temperature),

these are located at 3716, 3609, 2349 and 667 cm*' corresponding to the (v,+v3), (2v2 + VJ),

v= and v2 vibrational modes, respectively. The carbon dioxide molecule also has two hot bands,

located at 961 and 1064 cm" corresponding to the ve-v, and 2v2-v, vibrational modes,
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respectively, but these are either too weak or overlapped due to emission bands of HTPB

fragments occurring at these spectral locations. In addition, the strong C02 band located at 2349

crn* also reveals some self absorption effects on the longer wavenumber side. This is possibly

due to recirculating C02 within the windowed test chamber or residual C02 present in the

otherwise well-purged path to and within the spectrometer.

The spectrum shown in Fig. 3.3 also reveals water vapor emission bands centered at 3750

and 1600 cm' and the pure rotational band continuing its emission beyond the 500 cm" cutoff

of the ZnSe windows and MCT detector. Although the water vapor shows an extremely fine line

structure, the 2 cm*' resolution appears to reveal the presence of water vapor quite well.

Two diatomic molecules also reveal their Infrared spectra, namely HCI and CO. Only the

fundamental bands are clearly shown here, that is the v, centered at 2889 cm"' for HCI and 2143

cm*' for CO. The fact that both of these bands do not significantly overlap the strong C02 band

centere-d at 2349 cm-' or any of the water vapor bands is extremely important for concentration

and temperature measurements.

Finally, thermal fragments of the HTPB (as various hydrocarbons) also appea" in the

figure. Fragments of the HTPB are tentatively assigned to the 1400-1200 cm" region, possibly

as various CH. and C2H, groups. It is evident, however, that high temperature reference spectra

of the various molecular species must be measured before firm assignments can be made.

Comparison of Fig. 3.4 with Fig. 3.3 reveals that there are certain spectral regions that do

not exhibit a similar spectral behavior as expected, since one should expect the combustion to

be complete within the focal spot of the modulated beam. This is apparently not true and we

attribute the observed results to the presence of a two-phase mixture. That is, AP particles

emerge from the surface region and do not completely pyrolyze before they enter the line-of-sight

region of the FT-IR. During pyrolysis, the particles and the decomposed gases are reiatively cold

and do not show up in the emission spectra. However, the presence of such particles is
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revealed by both the continuous absorption band; a firm assignment of the strong vibration-

rotation band centered near 3300 cm"r cannot be made however.

B. Signal-to-Noise Analysis of Hiqh-Pressure Combustion

it is well known that the achievable signal-to-noise ratios (SNPz) of FT-IR spectrometers

can be much higher than the corresponding SNR of wavelength dispersive instruments. To date,

however, no analysis has been made on the effect of achievable SNR on the desired temperature

and species profiling accuracy of high-pressure solid propellant combustion. A high spatial

resolution is required in order to resolve the changes in species concentration and temperature

in the vicinity of a propellant surface. From such extremely useful measurements, Important

Information on the complex p-opellant pyrolysis and combustion chemistry will be obtained. For

example, the CARS technique (Stuffiebeam and Eckbreth, 1989) has employed a 200 tim

diameter and 3 mm long probe volume in high-pressure combustion diagnostics.

To estimate the achlevab!e SNRs, in which the noise is simply related to the detector

noise, we follow the approach originally developed by Mattson (1978). According to a

modification of his development, which is shown in the enclosed Appendix B and verified

experimentally, the SNR at a given wavenumber v (SNR,) can be estimated from the expression

SNR, = C (1--exp'•')l,(7) O0 (1)

where C is a constant that depends upon many factors including, among others, the type of

detector used, optical throughput of system, and wavenumber resolution; (1- exp") ib,(T) is the

spectral radiant intensity emitted by the combustion products (Ozisik, 1973), r, is the optical

depth and depends on the type of gas considered, Ib,(T) is the Planck function for blackbody

emission, and 0,, is the slit height which controls the spatial resolution. In order to determine

the SNR using this expression, it Is necessary to determine the constant from experiments and

to select an appropriate wavenumber and the type of gas considered. First, we select a
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wavenumber v=2400 cm", which should lie somewhere in between te anticipated maximum of

biackbody emission ard maximum specific detectv of the MCT detector. Near this

wavenumber region, there should be several significant emission/absorption bands from

numerous decomposition and equilibrium combustion products of various propellants. Since the

radiative properties of CO are well-known, we select this molecule for thli SNR calculations,

although it may not be present in significant quantities (< 10%) In fthe combustion products near

the burning surface. The optical depth is readily estimated using Edwards' well-established

exponential wide-band models (Edwards, 1976) and further discussed In Appendix 3.2.

Figure 3.5 shows the SNRs that are expected to be obtained in emission measurements

of combustion products containing CO for three different temperatures, a slit height of 100 Jim

and a slit width of 6 mm. Inspection of this figure reveals that for a plume depth L=0.006 m, a

total pressure p=450 psia (30 atm), and a concentration X.=10%, the estimated SNRs are on

the order of 500 to 800 at temperatures relevant to propellant combustion. At the higher partial

pressure path-lengths, the optically thick limit is approached and blackbody emission obtained.

Thus the SNRs becomes independent of the partial pressure path-length. If the slit height is

doubled or tripled, then the predicted SNRs also double or triple in magnitude. Hence,

temperature and species profiling of combustion products from solid propellants burning at

realistic pressures should be possible. We believe that this conclusion is of utmost importance

for our planned future work on the continued development of the FT-IR spectrometry as a

diagnostic tool for solid propellant pyrolysis and combustion.

The results shown In Fig. 3.5 are not unexpected, since FT-IRs have been employed to

deduce temperatures and species concentrations on the effluents from smoke stacks, whose

temperatures were relatively low (Herget, 1982). The approach for deducing temperatures from

emission measurements of the hot bands of C0 2 located near 10 pm has also been studied in
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laboratory settings (Gross and Griffiths, 1988ab). In addition, it should be noted that-the above

value of SNR is the RMS value; the peak-to-peak value is approximately 5 times larger.

C. A New Approach to Fiame Spreading Measurements

The previously described FT-IR spectrometer system has also been employed for the

development of a new approach for the measurement of flame spreading over solid propellant

surfaces. Traditionally, such measurements have been extremely difficult to perform using fuse

wires, thin-film flux gauges, or motion picture cameras. The use of standard video techniques

is also problematic due to the strong luminosity of soot arid burning metal particles and emission

of photons during electronic transitions within radicals. A short description of the technique Is

described next, with the details elaborated in the attached Appendix 3.3.

The technique is based on the assumption that the emission characteristics of a burning

surface is very much different than the emission characteristics of the corresponding equiilbrium

products. To evaluate this assumption, a test matrix involving four different cases of emission

measurements was devised and is illustrated in Fig. 3.6. Case 1 corresponds to the situation

when only emission from equilibrium products is detected, Case 2 when omission from both

equilibrium products and the burning surface are detected, Case 3 when emission from the

burning surface alone is detected, and Case 4 when emission from the cold surface Is detected.

Figure 3.7 Illustrates the MCT spectral detector response for these four cases of an AVAP/HTPB

(18% Al) propellant. Examination of the results shown in Fig. 3.7 reveals that the emission

characteristics within the 4500 to 2400 cm" wavenumber range Is significantly different (stronger)

between the ignited and the unignited surfaces, although the surface is subject to a cros;-flow

of equilibrium combustion products from the solid propellant. Based on this result, it Is

suggested that standard lead-selenide detectors be employed for such measurements. The

recorded output voltage from such a detector should change by about an order of magnitude
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once the surface has Ignited. In addition, other propellants have also been tested In our

laboratory, but the conclusions reached are the same.

V. Conclusions

A brief summary of the major conclusions of the study involving measurements using the

FT-IR spectrometer system and modeling of radiation Is given below.

" A unique FT-IR spectrometer system has been established which is capable of performing

simultaneous emission and transmission measurements of products from the combustion

of solid fuels, solid propellants, and pyrotechnics.

"* High-quality emission and transmission spectra have been obtained and used to

determine the temperature and species concentration of combustion products. To

authors knowledge, this is the first attempt to use FT-IR spectroscopy to perform such

meawurements on combustion products from solid propellants.

"* A recently completed study at The Pennsylvania State University has shown that FT-IR

emission spectroscopy can be performed at a spatial resolution to within 100 Pm with a

signal-to-noise ratio of more than 1000 at the high pressures of solid propellant

combustion.

"* From our pioneering work using the FT-IR spectrometer system, a new approach to the

measurement of flame spreading over solid propellant surfaces has been established

through a feasibility study.

"• Many reference spectra of IR active gases at high temperatures and at high spectral

resolutions were obtained. These measurements are not only an integral part of our

experimental effort, but also provide important input to data bases of computer codes that

predict IR-signature as well as for model validation of gaseous flame-zone reactions with

finite-rate kinetics.
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"* A muflt-dimensional, axisymmetric radiation code including the effects of absorbing,

emitting and anisotropically scattering constituents, has been, formulated and solved using

exact techniques This Is the first code available which has this capability.

"* The first fundamental results on the effectse of scattering have shown that it 1s possible to

eit her enhance or inhibit the spectral plume emission. This could have a tactical value

to the U.S. Navy.
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Analysis of Plumes of Solid Propellant
Combustion Using an
FT-IR Spectrometer

S. KI-otz,*S.T. Thynell,tI.-T. Huang*, and K.K. Kuot

Abstract Introduction

A Fourier Transform-Infrared (FT-IR) spectrometer The detailed combustion chemistry and radiative prep-
has been setup to study the combustion products of erty determination of plumes from solid propellant
various solid propellants. The overall objective of the combustion are topics of strong current interest1 ,2.
work is to perform radiation measurements using a There are several reasons for such interest. First, the
rapid scanning FT-IR on combustion products evolved understanding of structure and reaction mechanisms of
from burning a small strand in a windowed test chain- solid propellant flames is limited at present. For exam-
ber. The windowed test chamber is equipped with a pie, the chemistry of nitrogen in flames is one area that
computer controlled linear actuator, which is employed requires further research to overcome the discrepancies
to fix the vertical position of the burning surface so that between modelling prediction and experimental results.
steady state emission and transmission/absorption mia- The modelling efforts of propellant performance and
surements can be made u! ing the spectrometer. Several combustion instability should benefit significantly from
experiments have !' _,.,a to test the setup and op- a much improved understanding of the nitrogen chem-
eration of the syteni The setup ha oprate reliably istry.
for propellants widch .dnite and burn under few at- Second, the determination of radiative properties is
mospheric pressure ciditions. Results prasented here required for the estimation of species concentration andinclude emission and transmission specta of at temperatures using laser and/or IR based techniques, as
cal heterogeneous AP/HTPB propellant and a homo- well as for model validation of codes that compute IR
geneous NOSOL 363 triple-base propellant. signatures. Furthermore, radiative heat transfer could

play an important role in the burning of aluminized
composite solid propellants as the temperatures are

Nomenclature extremely high. In related areas, a knowledge of radia-
tive properties is critical to proper modelling of heat

Ir. Planck function (W/m 2 cm-1 sr) transfer to insulator and nozzle surfaces in solid rocket
I69- background intensity (W/n 2 cm- t sr) motors3, the analysis of radiative heat transfer back
19 intensity (Wn'2c-n- sr) to burning propellant surface 4, and spectrally selec-
I'V blackbody source intensity (W/rn 2 cm- sr) tive absorption of radiation by particles influences the
IV incident intensity (W/m 2 cm- t sr) melting and agglomeration of aluminum at the surface
Tre temperature of blackbody source (K) of the propellant5 . Consequently, a significant effort
TP temperature of combustion products (K) has been devoted to the development of both intrusive
W7 instrument response function and nonintrusive techniques that offer the possibility of
(7 spectral emissivity measuring the species concentrations and temperatures.
r spectral transmissivity Among the intrusive methods, thermocouples and
mg spectral absorptivity probes repiesent the classical measurement techniques
V wavenumber (cm-1 ) for the. study of combustion of solid propellants and
Ala wavenumber resolution (cr-1 ) fuels. Some examples include microthermocouples

"*Graduate Student to measure plume temperatures and thermal wave
tAssistant Profreor, Member AIAA penetrations6, and sampling probes to determine parti-
1DistDnpuished Professor, Amociate Fellow AlAA cle size distributions and concentrations.. However,
Copyright @ 1990 American Institute of Aeronautics and

Astronautics, Inc. All rights reserved.
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to obtain in a highly spatially and temporalty re- set up separately and thcn integrated to function simul-
solved manner the species concentration and temper- taneously in a given experiment. Of the two computers
ature profiles, a significant elfort has been focussed required, one computer is an integral component of the
on the development of laser based techniques. Ex- IFT-IR system and is used to communicate commands
amples of such include, among others, laser-induced- to the spectrometer bench, and to receive a.d display
fluorescence8, 9 (LiF), and coherent anti-Stokes Raman information from the spectrometer. The second, an
scatteting (CARS)I°. However, laser based techniques IBM compatible computer (P/C), is used to control
have a few disadvantages. First, these techniques cannot other non-FT-IR functional components, such as pres-
be applied to highly dense systems, that i3, to combus- sure control, position control, etc. The use of these
tion products containing a significant amount of partic- two components, their overall operation and interfacing,
Llate matter; second, only a few species are measured, and the setup for emission and tan.smissicn/absorbtion
unless a wide variety of lasers are used simultaneously; measurements are discussed below. In addition, since
third, the use of LIF methods to systems containing the theory of FT-IR spectroscopy is weti-established,
particulate matter is questionable; and, fourth, light interested readers are referred to the appropriate texts
scattering techniques requires a prior knowledge of ra- on this topic-1 .
diative properties of the scattering constituents. Con-
sequently, there is a need to continue the development
of nonintrusive diagnostic techniques. Windowed Test Chamber

To fulfill such a need, the combusdion group at The The propellant strand is bulrned in a 30cm x 30cm x
Pennsylvania State Universi•y (PSU) has incorporated 30cm transparent, 2.54cm thick plexiglass combustion
the use of a rapid scanning FT-IR (Fourier trans- chamber capable cr operating between vacuum and
form infrared) spectrometer for species and temperature about 2 atmospheres. The strand is placed in the
measurements on combustion products of solid propel- center of the chamber on a platform which delivers a
lants and fuels, and pyrotechnics. The FT-IR offers sev- purge gas up and around the burning sample, thereby
eral important advantages over laser based techniques. memoving the combustion products. Addi'•onally, the
First, it measures simultareoutly the thermal radiation horizonta' position (perpendicular to line-of-siglt) of
over a broad range of wavelengths (wavelength range the sample is controlled accurately by manual adjust-
limited by a combination of the detector response and ment of a micrometer to preselect propellant strartd
beamsplitter transmittance); second, it can be applied position. The chamber is fitted with two special optics
to optically dense systems; third, very high signal-to- holders, shown in Fig. 2, (one each on opposite sides
noise ratios are achievable; and fourth, data processing of the chamber) which protect the beam path from IR
of interferograms is extremely rapid and data can be active gases and particulates recirculating in between
displayed almost instantly. Nevertheless, there are two the sample and the chamber walls, and hold the zinc-
disadvantages of" using the FT-IR; one is its long mea- selenide windows in place. Bctween the chamber and
surement time (-.50 zs @ 16cm- resolution) and the the spectrometer, radiant energy is routed through a se-
other is the llne-of-sight approach. ries of external flat and parabolic mirrors all of which

The objectives of this work are to describe the details are enclosed in a sealed and purged path.

of the experimental setup and to present a preliminary The test stand is also configured with a linear actu-
analysis of the measured spectra. Specifically, the de- ator which is attached to the bottom of the chamber
sign of a transparent test chamber, with accurate control so that its stroke arm extends up through the base
of cnamber pressure and position of burning surface of of the chamber. The use of a laser and photodiode,
propellant strand are discussed. Representative emis- which are interfaced by means of an IBM cempati-
sion and transmission spectra obtained from the FT-IR bie computer with the actuator, enables us to control
spectrometer are presented. the position of the burning surface. As the sample

burns down below the line-of-sight established by the
laser/photodiode setup, the photodiode seases the laser
energy. This process is scanned by the data acquisi-

Experimental Setup lion board (DAS-16) within the computer. When the
photodiode energy reading reaches a certain level (indi-

A schcmamtic diagram of the overall setup is shown in cating the propellant burning surface 1 s receded), the
Fig. I. As shown in this figure, the setup consists of comp,.ter simultaneously sends a movement command
two major components: a windowed test chamber and strirz to the actuator controller, which results in an
FT-IR spectrometer. These two major comporents are upwad movement of the platform and therefore the
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sample burning surface. This entire process provides ignition and the apparent plume intensity Ir is mea-
a cloed ,leedback system for maintaining the burning sured during combustion. Finally, the plume emissivity
su'face at a fixed position in order to achieve desired is given by
spectroscopic measurements. Furthermore, the con- h7-i169

troller of the actuator can also be programmed to feed - i = IVTP) (2)
the sample at a predetermined rate so that the verticl
species profile above the sample surface can be mea- where T. is the plume temperature and must be known.
sured. A similar system was used by Goetz and Mann 12. At this stage, it is appropriate to make two comments
It should be noted that for combustible strands con- regarding the use of Eq. (2). First, the instrument
taining signiricant amounts of particulate matter, the response function should be measured at a temperature
laser beam cannot penetrate the combustion products of the blackbody source that is relatively close to the
and, therefore, the lased-based positioning system is not temperatute of the combustion products. The reason
suitable. In addition to the closed loop feedback posi- for this is re!ated to the slight nonlinearity of the highly
tioning system, the test rig includes an exhaust/pressure sensitive MCT-A detectors. Second, the temperature of
control system and thermocouple temperature measure- the combustion products should be unifurm along the
ment devices (both controlled by the DAS-16 board in line-of-sight of measurement. This is most likely the
the computer), and ignition control devices. case in the combustion of propellant strands in inert

environments.

Emission Measurements

In emission measurements, the emitted radiant energy Transmission/Absorption Measurements

from the combustion products is measured. These types in transmission/absorption measnements, a continuum
of measurements are particularly useful for the determi- spectrum of radiant energy (from a blackbody source)
nation of the temperature of the combustion products. is incident on the combustion products. These types
Figure 3 shows the emission measurement setup. The of measurements represent the standard approach for
radiant energy emitted from the combustion products of species concentration weasurement., Figure 4 shows
the burning propellant strand travels from the chain- the optical measurement setup. It this case. the remov-
ber along the optical path indicated and enters the able detector is placed next to the combustion cham-
rear port of the spectrometer. With the removable flat ber. Additionally, the removable flat mirror of Fig. 3
mirror in place, the beam passes through the beam- is removed. Energy from a blackbody source within
splitter (B/S), is modulated by the intc.rferometer, and the spectrometer is passed through the beamsp!itter
is directed onto the detector module mounted inside modulator and a flipper mirror, and then directed out
the spectrometer. Three detector modules are avail- through the second external port. With the electron-
able: a liquid N2 cooled MCT-A detector for mid-IR icaily controlled external flipper mirror moved out of
range, and PbSe and silicon detectors for near-to mid- the path (therefore not shown in the figure), the beam
IR ranges. Detector and bearnsplitter (KBr or quartz) is directed through the plume, of the propallant strand
combination., determine the appropriate wavenumber and out of the chamber o-ito the detector on the op-
ranges covered. posite side of the chimber. If IO; denotes the incident

To determine the emissivity of the combustion prod- intensity, the transmissivity is determined as

ucts, it is necessary to know the instrument response -, (3)
function. The instrument response function accounts Iou
for the reduction of the IR signal from the plume where Iu is the transmitted' intensity. For a participat-
due to mirrors, optical windows, imerfererneter corn- ing tmedium which contains no scattering constiiuents,
ponents. iris, detector response, etc. If the measured the spectral absorptivity is
radiant intenmsity due to a blackbo'dy source a; tem-
perature Tr.- is denoted hy l,, then the instrument = 1- t-. (4)
response function ,V is computed from

Is(V7 (1) Discussion of Results
AvU('re'), t .

where IbP(Trcf) is the Planck lunction and calculated Background on Interpretation of IR Spectra

by software. To determine the plume emissivity cv, the The combustion chemistry of solid propellants ;s Cx-
background intensity 4. must be measured prior to tremely complex and in general not well understood-
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One of the reasons for lack of understanding of the measurements of A.P/HTPB and NOSOL-363 propel-
combustion process is related to the fact that the pro- lants are presented.
pellant contains complex molecules for both binder ma-
terials and oxidizers. As a result of the complex nature
of solid propellant ingredients, a wide variety of chem- Use of Laser Based Positioning System
iual species are present in the flame zone. Also, it
is extremely difficult to a-,certain the molecular struc- Examination of sequential emission spectra reveals the
ture of the pyrolyzing species as they leave the solid capability of the laser based positioning system to ad-
surface, the heterogeneous reactions on the burning eqtately fix the position of the burning surface. Fig-
surface, the gas-phase reaction mechanism with nume- ure 5 shows four sequential AP/HTPB emission spec-
rious pallhs, and the diffusin of chemical species in tra measured at 2cm-1 resolution with the FT-IR
the flame zone. Furthermore, solid-propellant flame operating in the rapid scan mode (approximately 0.5
structure can also be strongly affected by the opet- sec/spectra), with triangular apodization and with phase
ating conditions, such as pressure variation and flow correction 1. 'I.he measurement conditions weze as fo!-
field structure. In addition, a sign;ficant fraction of the lows: the strand was approximately 6mm in diameter,
combustion products are IR active, the center of the line-of-sight measurement location

was approximately 30 mm above the burning surface,
Before proceeding to the interpretation of IR spec- and the diameter of the spot size was about I0 mm.

tra of gases, however, it is important to mention that Inspection of the video recording shows luminous com-
reference absorption spectra, whir.h have been iena- bustion products of approximately 40mm in diameter
sured at room temperatures, are in general not similar and that the combustion is somewhat unsteady at I
to the emission spectra measured at elevated temper- atm pressure. Examination of this figure reveals a small
atures. The consequenc, of this difference is that an variation between the four spectra. We believe that this
application of the Kirchhoff law may not be completely variation is most likely due to the observed unsteadi-
correct. There are two primary reasons for this effect. ness in the burning, which is commonly observed in low
First, at elevated temperatures, it is knoi•n that higher pressure situations. Overall, the laser based positioning
vibrational states are populated, resulting in a band system has also adequateiy controlled the location of
broadening, in the case of the strong CO2 band 1o- the burn;ing surface of other relatively particulate-free.
cated at 2349 cm-, the broadening shows up on the propellants tested at PSU.
smaller wavenumber side Second, self-absorption of
emitted energy produces a reduction in the observed
emission spectra on the longer wavenumber side. Thus, Emissivity and Transniissivity of APili'iPfi
it is difficult to employ commercially available absorp-
tion spectra over the temperature and pressure ranges Figure 6 shows the spectral emissivity of APiHTPB 2s
for plume measurement applicat.ons, and the task of a result of coaddition of sixteen spectia; the data used
analyzing IR spectra is difficult: -he emitting species comaw. from the same me aswerants as described in the
types may not be exactly known and small band shifts preceeding paragraph for Fig. 5. Examination of this
may have occurred due to instrumental effects of the figure reveals the following. Fztst, the iachiezable signal-
1-T-IR. It would be desirable to establish a data bank to-noise is extremely high. This is mtt noticable mn the
of the emission/absorption behavior of IR active gases 4500 - 4.00 cm- t region whcre we observe no emitting
at high temperatures. Such effort iP extremely tedious species. Second, there appears (o be almost no soot
to perform since the radiative behavior of a molecule formation. The emission: from soot is continuous and
is not only a function of temperature and pressure, but proportional to v, w.hich should. revea' itself as a slightly
to some extent of the tyl.pz of molerules with which decreasing cotinuods broadband vhhicl' is absent in this
it' interacts. Nonethelees, such effort is currcntly in figure. Finally, many characteristic infrared bands fror.,
progrsess, at the High Pressure Combustion Laboratory the combustion products ate clearly shown1 3.
of PSU.

Vie strongest infrared emission bands are readily
Sever;d experiments have been run to test the setup identified as CO2, H-20, HCI. CO and fragments of

and oreration of the system. Results have been HTPB'. The carbon dioxide has four strong absorption
obtaine I for ammonium percnlorate/hydroxyl term;- bands (at room tcnpzrature), these are !ocated at 3716,
nated 3 oybutadiene (APiHTPB) and ritro-cellulose 3609. 2249 and 667 cm- t corresponding to the v,'" 13),
based liropellants, such as NOSOL-363, including video •2vn + v3). i.-3 and vq vibrational maode.s, respectivciy.
recor,. ag of the burning .vwnt. Soret. specefic results The carbor dio.dA molecule also has two "hot" bards,
deterti;,ed from emission and transmikskniabsorption located at 961 and 1064 ,- corresponding to the
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Abstract

Solid propellant combustion studies at high pressures (500-50,000 psi) must be con-

ducted with a high spatial resolution in order to resolve the species concentration and flame

temperature profiles. Such studies are often performed in specifically designed experimen-

tal facilities, including chimney type strand burners. To successfully carry out FT-IR

emission spectrometry of products from the combustion of small propellant strands, it is

required to perform a critical assessment of the achievable signal-to-noise ratios (SNR).

in this work, an analytical expression for the SNR of FT-iR emission spcctrometry lin-

ited to detector noise has been derived. The expression is specifically applied for the V3

fundamental band of CO-2 and in the optically thick limit verified by experimnents. The

results from the application of the theory show that a spatial resolution on the order of

100 yam should yield SNRs of 1000 or larger at the center of the considered band for the

anticipated temperatures of high pressure solid propellant combustion. Mcasurements of

emission spectra of combustion products of a homogeneous solid propellant, NOSOL-363,

has also been performed at one atmosphere total pressure to show that a 1000 jim spatial

resolution may be sufficient to deduce species concentrations and temperature.

Index Heading: Fourier Transform Infrared Emission Spectroscopy; High Pressure; Ana-

lytical Methods
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A, P ! .ODUCTION

Research on solid propellant combustion has been actively pursued during the past

several decades, and many of the important findings have been compiled in a document

edited by Kuo and Summerfield. 1 Since then, numerous diagnostic techniques have further

been advanced and applied to investigate the complex chemical kinetics of solid propellant

combustion. To date, such investigations appear to have had a limited success in resolviig

species concentration and temperature profiles within the combustion products. However,

to conduct studies in conditions simulating rocket motois or gun chambers is extremely

difficult due to the high pressures (500-50,000 psi), high temperatures (to 3500 K), and

short time scale of the overall event (down to milliseconds). The analysis may further be

complicated by the observed fact that the flame zone is very thin (5 100 pm in some

cases), thus requiring spatially precise measurement techniques for obtaining species and

temperature profiles. Consequently, a significant effort has been devoted to the develop-

ment of both intrusive and nonintrusive techniques. Usually, intrusive measurements may

have shortcomings, including: (1) the introduction of disturbances in the medium; (2) the

consumption of the probe itself within the hostile environment; and (3) a poor temporal

response and limited spatial resolution. Optical techniques have the capab.ility of over-

coming these limitations and offer the greatest potential for application t.c solid propellant

combustion.

Of the optical methods, laser-based diagnostics have been an area of intensive research.

The coherent anti-Stokes Raman scattering (CARS), laser-induced fluorescence (LIF) and

planar laser-induced fluoresceice (PLIF) techniques have received considerable amount of

attention. The CARS' approach is capable of making instantaneous and spatially precise

measurement of temperatures and species concentrations in high pressure environments.

However, only a few species can be measured simultaneousiy due to the limited wavekength

range of the tunable laser source unless several laszers with different ranges are used. The
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LIF3 technique is very sensitive and is frequently used to measure the flame radicals which

are present in very Jow concentrations. The PLIF4 method is simply the case in which the

laser beam is expanded into a thin sheet. The distribution of the selected radical concen-

tratiou over the cutting surface of the laser sheet can be mapped out in a single laser shot.

Both LIF and PLTF techniques identify only one species at a time, and the species must

hav¢e an absorption wavelength accessible to the tunable laser source. Also, both methods

suffer from a qus.nching problem which reduces the quantity of the fluorescence and makes

the quantitative analysis difficult especially at the higher pressures. 2 Consequently, there

;s a need to continue the development of nonintrusive diagnostic techniques.

Fourier transform ifrared (FT-IR) spectrometry has been employed for studies in

numerous areas of science and engineering. The major advantages offered by the FT-IR

spectrom:ntry iacllude: (1) the thermal radiation can be measured over a broad spectral

range simultaneously; (2) relatively high signal-to-noise ratios can be achieved; and (3)

data process;ng is rapid. All these advantages indicate that FT-IR spectrometry could

be a highly potential technique for high pressure solid propellzat combustion diagnostics.

There are many works available in the literature that have used FT-IR spectrometry as a

diagnostic tool for solid propellant pyrolysis/combustion or flame emission studies. Exam-

ples of such works include, among others, thermal decomposition of energetic materials, 5

thermal fragmentation of organic compounds, 6 solid propelant pcrformbnce studies, and

a preliminary analysis of plume products of solid propellant combustion. 8

To apply FT-IR spectromnetry for measurslag radiant energy emitted from or trans-

mitted through the product3 of high pressure solid propellant combustion. the difficulties,

some of which were mentioned above, associated with the measurements must be identi-

fied. First, it is necessary to design and construct a vessel (strand burner) Lhat safely can

withstand high pressures (to 5,000 p'), that has optical access in several directions, and

that allows for control of the position of the burning surface. Second, the measurements



346

should allow a spatial resolution to within approximately 100 pr in order to resolve the

flame zone. Third, the data must be acquired within a short time period (typically the

event lasts < 10 seconds). In view of these concerns, it is clear that one should address and

try to estimate the achievable signal-to-noise ratios (SNR) prior to commencing a study on

high pressure solid propellant combustion. There are three objectives of this study. First,

an analytical expression of tue SNR anticipated within the v3 fundamental band of C02

is developed. Second, the unknown constant appearing in this expression is determined

from experiments. Finally, results are presented that can be used to esti;mate the SNR of

emission measurements that must be performed at a. required spatial resolution given that

approximate values of the partial pressure of CO 2 and gas temperature are availabic

EXPERIMENTAL SETUP

A schematic diagram of the overall setup used to conduct the emission measurements

is shown in Fig. 1. As shown in this figure, the setup consists of two major components:

a Nicojet 740 FT-IR spectrometer and a transparent test chamber capable of operating

at low pressures (< 1.5 atmospheres). Fcr FT-IR diagnostics, the burming surface of the

propellant must often be kept at a certain !evel. To fulfill this requirement, a closed-

loop positioning system is employed to elevate the solid propellant strand as it burns

down. The principal components of the system incluc. a 40-rxW He-Ne laser (Spectra-

Physicz Model 145), whose beam propagates through the products slightly above the solid

propellant strand surface, a photodiode detector with a narrow band filter (Oriel, G-

527-6328) sensing the laser energy, a data acquisition board (MetraByte Model DAS-iS)

withir personal computer (Proteus Model 386/25MX) receiving signal from the detector,

and a control!er receiving commands from the P/C and activating a linear motor which

is attached to the bottom of the test sample mount. The positioning algorithm (with

proportional-integral-derivative control) is devised to keep a fraction of the laser beam

blocked by the propellant strand ar.d the remaining fraction detected by the photodiode.
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In general, the positioning system keeps the burning surface of the solid propellant strand

more or less at a fixed level relative to the collection volume of the optical path of the

FT-IR system. In addition to the closed-loop positioning system, the control system is

also integrated with a pressure transducer and a demodulator to keep the transparent test

chamber pressure at a constant level.

Figure 2 shows the optical layout of the beam path for the emission measurement. The

radiant energy emitted from the products of the burning solid propellant strand travels

along the path indicated from the transparent test chamber to the FT-IR spectrometer.

Two 18-inch focal-length., 3-ii,'h diameter, gold coated spherical minors (Edmund Scien-

tific Model 328,1) are used to collect IR energy from the plume over a collection area

whose size is approximately identical to the size of the rectangular slit of the iris. It is

realized that the optical beam diverges along the beam path. In order to get a stronger de-

tector signal from the plume, a 4-inch focal-le*igth, 2-inch diameter, gold coated spherical

mirror (Edmund Model U2816) is placed after the slit to condense the optical beam since

the Nicolet 740 is equipped with a 1-inch dinieter interferometer. Inside the Vpectrome-

ter, the combinations of two beamsplitters (Quartz and Ge on KBr) and three detectors

(Siicon, PbSe and liquid nitrogen cooled MCT-A) determine ,he spectral range covered.

A ZnSe window is instaJled at the optical port of the transparent test chamber To avoid

the effects of 120, C02 and particulates along the beam path, the external mirrors are

enclosed in a sealed box. The FT-IR spectrometer and the sealed box are purged with dry

air from a H2 0 and C0 2 filtration system (Balston Type 75-60).

SNR - THEORY OF ESTIMATION

The following analysis assumes that the detector noise is the significant source of

noise. Other sources of noise such as digitization noise, sampling noise, folding effects and

fluctuation noise, are assumed to be small compared with the detector noise. The SNR of
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an IR detector is defined as the natio of the signal voltage to the root mean square (RMS)

noise voltage. A practical exprwsion of SNR have been -developed by Mattson,9 and it

can be expressed as 10

S=- 0,D* tm
AD½ fI

rhere D* is the specific detecti-4ty of the detector (cm Hz4 /W), tm is the total measure-

ment time (sec), and An is the active area of the detector (cm2 ). The radiant energy

incident on the detector area Q (W) within wavenumber interval At/ (spectral resolution)

is given by

Q =, 0 8 AV , (2)

where I, is the spectral intensity of the emission source (W/cm 2 srcxnm-), 9 is the optical

throughput (cin 2 sr), and • is the everall system efficiency. Substitution of Eq. (2) into

Eq. (1) yields

SNR = . (.D)

In order to evaluate the spectral intensity of the source, which is a result of emission

from the hot products within the plume, we treat the plume as an isothermal embitter with

uniform concentration of gaseous species along the line-of-sig! '. Neglecting the scattering

effect, a solvtion to the radiative transport problem yields"

IV = Iv.b [ -exp ( --. , L )](4)

where I,,b is the Planck function of blackbody enfission, r, is the spectral absorption

coefficient, and L is the physical plume thickness. The product of r,. and L is the spectral
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opticai &dpth, and it is a function of wavenumber, gas composition, pressure, temperature

and pNurme (Lickness. It i3 beyond the scope of this work to estimate the SNR for all

wa'.enuntberm, !,*ste,.- selecO te carefilly analyze the SNR for one wavenumber located

within the v'3 funda.....r*al band (' C0 2. The reasons for selecting this band include:

(1) it is a very activ, .,and -eadiiy detected, (2) it lies away from the spectral

region where maximunr. / ;ssion at typical flame temperatur2 occurs (> 6000

cm-1) and where maximum detector detectivity is located (near 100G . fm1 for a typical

wide band MCT detector). and (3) the high-temperature behavior of tb, fad is well-

studied. It should be noted, however, that near or below the flame zon - ) the most

significant emission may not be due to the CO2 molecule. In this work, which emphasizes

an approximate analysis, we employ the data developed by Edwards. 12

From the previous work of Edwards, 12 the optical depth at band head of an IR active

specie a-t high pressure can be approximated by

S= ,K L = -p . (5)

where a 0 , p and wo represent the integrated band intensity, density of the absorbing gas and

bandwidth parameter, respectively. The values due to Edwards 1 of the v3 fundamental

band of CO0 of a 0 and w0 are adopted. Applying perfect gas law for the gas mixture the

Eq. (5) becomes

711 T 2 P Xc T (6)_JT I R T

where P is the absolute test chamber pressure, T is the absolute gas temperature, Xco 2 is

the mole fraction of CO2 and R is the gas constant. Substitution of Eqs. (4) and (6) into

Eq. (3) yields the SNR at 4.42 ym given by
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SNR = I,,b { 1-exp a 10- L AvD t (7)

The parameters in the second bracket on the right hand side of Eq. (7) are associated with

the experimental setup and sampling parameters, and they are independent of the test

condi,;ons in the chamber such as pressure, gas temperature and mixture composition. It

is assumed that the optical throughput is limited by the area of the slit and the 18 inches

focal length of the spherical mirror We denote the optical throughput with the symbol

0 1sit, which is equal to the product of the solid angle of the IR beam focusing on the slit,

dw5 lit, and the slit area, Alit The slit area can be changed as desired. Thus

9slit = Aslit dwsl;t ,

where d w,;it can be roughly approximated by the ratio of the area of the spherical mirror to

the square of the focal length of the spherical mirror. All the other unknowns in the bracket

can be described by a single parameter, C, provided that the sarne experimental setup and

sampling parameters are used. The value of C is determined from the experimental results

for different slit sizes and is expected to be close to a constant.

The burning rate of solid propellant strands is in general quite high, and it typicaliy

increases with increasing pressure. The quarter-inch-diameter, two-inc-h-long propellant

btrand used in this work took about ten seconds .L burn out in a nitrogen mnvironment

at one atmosphere. Thus, practically there -s a short measureme:., period of time, about
1even seconds, after the transient ignition event and before the complete combustion of

the propellant strand. With*An the available measurement period of time, it is desirable to

perform emission/absorption measurement at several positions above the burning surface

of the propellant. Thus, the number of spectra that can be taken is himited. With our

spectrometer, Nt is possible to take f,'ur spectra within approximately 1.25 seconds at 4
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of I to Al, where I and Al are the arithmetic average intensity and the rcot-mean-squtre

error of experimental results, respectively. By employing a standard blackbody source

(Infrared Industries, Lc. Model 463-1), the :oristant C is determined from

C= SNR
0 C it 1,, ( 4.42 pm, 1273K) (8)

Once C is obtained, Eq. (7) can be rewritten as

SNR=lbp [ -a- ( Y XCoo (

RESULTS AND DISCUSSION

In this study, a liquid nitrogen cooled MCT-A detector and a Ge on KBr beamnsplitter

were employed. Ail measurements were made in the rapid-scanning mode with 4 cna-i 1

resolution. A triangular apodization function was used and phase conxected real algorithm

was applied for the phase correction. None of the spectra were corrected for the background

emission or instrument response. In order to deteirmine the effect of the spatial resolution

on the constant C, measurements were performed that involved 10 different slit heights

ranging from 0.1 mm to 1 nun and a cunst•at F, mm slit width. For each slit height, 25

spectra (4 files/spectrum) were obtaincd, and i and 6J of the 25 readings at 4.42 Jim were

calculated. In order to " ',;nate inconsistent data points, it was assumed that the 25 data

points for each slit be eyed a normal distributioa and all the data points outside

S:± 3A1 wele elirnin ..te. .a • result, one reading for 0.5 mm and 0.9 mm slit heights,

respectively, was removed and not included in the final calculation of 1 and &I.

Input Parameters, In the theoretical calculations of the constant C, each pa-

ramneter in Eq. (3) required an input value. To be corsistent with the experimental results.
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the Planck function at 4.42 pm and 1273 K replaced 1I, and 0Gji, replaced 0. In estimating

ý, the zule-of-thumb value of spect.-orneter effciency of 10% was reduced by accounting for

the 60% transmittance r-f the quarter- inch- thick Z;nSe w-indow. The resulting value of ý =

0.06 was further reduced by a factor of two, to account for the inefficiencies of the external

inirrois; i.e., the use of spherical m-irror as opposed to parabolic mirrors. Hence, the value

of ý = 0.03 was employed. The value of Av = 1.929 cm- , whlich is one..haff the calculated

resolution since the Nyquist sampling criteria of two data points Der resolution element is

satisfied. The D* of the detector at 4.42 cm-' is approximated by a typical value, 1 x 10"0

cm Hzi W-1. As it is difflcuh to estimate the actual speed of thle moving mirror during

data acquisition procesmcs, the measurement time used in the (h-eoretical calculations was

obtained from the F17T-ia software. program. It was about 0.32 second, which includes the

elapsed time from the start of data collezt:on to the end for onte scan pluz- the time required

to write the data onto the permanent storage area. The time reqa-red for data transfer

is relative short comipared oiith the time required for data acquisition; thus the error in

theorctical calculatioa in't-roduced by tbis parameter is expected to be smiall. There'uz.-

the total rneasucemeint timne ti~t is 1.25 seonds. The detector area AD is 0.01 cm2.

Determination of SNB. and C using Blackbody Source. Figure 3 shows

the results of SNRs obtained from experiments and theory lxing tite values of the various

parameters described above. Inspection of this figure reveals that the theory overestimates

the experiatents by about a factor of five and the experimentally deternmi¶nedl SNILs xangp

from 150 to 1950 for slit heights of 0.1 mm and 1 mm, respectively. This discrepancy is

expecte~d, since measurements of the acinal dctiector sensitivity zaid mirror reflectivities

leav not been performed due to the lack of appropriate equipm ent. Furthermocre, the

overall trend of the exp.?rimentally detemcuined value of SNR follow that of the theory.

Howvever, the experimental values exhibit a slight oscillation. The oscillations of the ex-

perimenitally determiined. SXR~ are related to. (1) error i. rineasorements of the slit height,

and (2) misalignment of tbe center of the slit rectangular area along the beam path.
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The ýalues of C, determined from the experimental SNR via Eq. (8), are shown in

Fig. 4. It is noted that the parameter C is a function of the overall efficiency, characteristics

of the detector and sampling paramcters. It is expected to be close to a constant regardless

of the slit size. Due to the oscillation of the experimental SNR, nevertheless, the deviations

of the value of C at different slit size from the average value are unavoidable. Therefore,

an. average value of C equal to 1.205 x 109 is employed in the following calculation.

Predicted SNR. From Eq. (9), the value of the SNI of 4 coadded spectra at 4.42

pm can be estimated provided that information of T, P, Xco 2, and L are given. Typical

temperatures of solid propellant combustion axe in the range of 2000 to 3500 K. Figures 5

show the expected SNRs versus the partial pressure path length (PXco2 L) for a given

temperature of our experimental set..p over a broad range of experimental conditions at

three different slit heights. However, the gaseous emission for the longer ,nartial pressure

path lengths approaches that of a blackbody and as a result the clculated values of SNR

levels out. Examination of these figures reveal that the predicted SNRs are quite high-

Even for a slit height of 100 urm, which should be sufficient to resol) -e the flame zone at the

high pressures (1000 psi) where temperatures are 2500 K are observed, the SNR shown in

Fig. 5c approaches 1000 in the optically thick case and T = 3000 K.

The obvious question that results from the predicted values shown in Figs. 5, is:

What SNxs are required in order to employ the emission spectra for species concentration

and temperature measurements on the products from high pressure solid propellant com-

bustion? This question is difficult to answer, because it depends on the approach that is

employed. For example, Gross and Griffiths': employed a spectral line ratio technique to

accurately deduce the temperature of a CO2 gas using the hot band near 10 pm. In their

work, an SNR of approximately 12 was sufficient due to the fact that 32 lines were used in

the data reduction procedure. At the higher pressures of solid propellant combustion, it is

questionable if this technique can be applied, since significant overlapping of the spectral
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lines may occur due to pressure broadening effects. A more likely approach is to employ

band ratio techniques. 14 According to this technique, the ratio of two bands is employed

to deduced the species concentration and temperature. Since many different bands can be

employed, it could be analogous the spectral line ratio techmique. To be conservative, re-

sults of species concentration and temperatures of sufficient accuracy for most engineering

application should be obtainable if the SNRs of the emission spectra are on the order of

500 or better. If that is the case, then a spatial resolution 100 pim appears to be achievable.

It should be pointed out that the use of parabolic mirrors instead of the spherical mirrors

should offer the possibility further improving the SNR. The following discussion of results

attempts to illustrate the following: (1) to estimate the SNRs expected to be obtained in

emission measurements of products from the combustion of specific solid propeliants at

high pressures, and (2) to show the type of emission spectra that are easily measured in

our low pressure transparent test chamber.

Predicted SNR of High Pressure Solid Propellant Combustion. In order

to predict the SNRs of emission measurements on produ-:ts fromn combustion of spe,'ific

solid propellants, it is necessary to obtain reasonably accuiate values of the species con-

centration and the flame temperature. To obtain such ralues, we employ the CET8616

Chemical Equilibrium Transport Code. The output from this code includes the adiabatic

flame temperature and the equilibrium mole fractions. Although the code includes a wide

variety of chemical species, numerous assumptions were incorporated into its development.

First, the code development does not. consider heat losses by convection and radiation, and

turbulent mixing effects between the edge of the flame zone and the purge gas. Second,

only the equilibrium species are determined. Finally, the pressure deflagration limit (PDL)

is not accounted for. Since the PDL is typically on the order of 10 atm for the propel-

lants considered in this work, steady burning at 1 atm cannot be adcieved. For example,

NOSOL-363 is observed to exhibit a fizz-burring mode at 1 atm in a nitrogen purged en-

vironment. To obtain a steady, luminous flame zone at 1 atm for NOSOL-363, an oxidizer
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rich purge gas must be employed, but uniform species concentratic n and ie:aperature along

the measurement line-of-sight cannot be obtained.

Table 1 shows the results from calculations using the CET8'; 16 Chemical Equilibrium

Transport Code. Inspection of the results reveais several inter, sting features. First, the

adiabatic flame temperatures range from about 2150 to 3300K. Second, the flame temper-

ature and final products are essentially independent of pressure However, it is well known

that the pathways of the chemical reactions are highly deper dent upon pressure. As a

result, the predicted signal-to-noise ratios are for all practical purposes only dependent on

pressure for a given propellant. Third, C02 is not the dominant equilibrium. product; CO

and H20 constitute in most cases more than 50product spe,:ies. Significant fractions of

N2 and H2 are also formed for the M30 triple-base and XM39 nitramine propellants. N2,

which is generally considered as an IR inactive species, cotid reveal itself at the higher

pressures (p > 50 atm) due to a collision induced absorption band. 17 Finally, the esti-

mated SNRs for the considered 100 fm slit are in all cases except one much greater than

500 for the larger pressures (p > 10 atm). Thus, in those cases for which the considered

propellants have been observed to burn steadily (p > 10 atm), it is clear that very high

signal-to-noise ratios are expected for the 100 fm slit.

Results of Plume Measurements. Results of spectral emission measurements

on products from the combustion of NOSOL-363, which was burned at 1 atm in an air

purged environment, using slit heights of 1000 and 300 Jm are shown in Figs. 6 and 7,

respectively. The shown emission spectra are the result of coaddition of 4 successive scans

using the same sampling parameters as described previously. The effects from background

emission have been subtracted. Examination of these figures reveals that the SNR of the

spectrum in Fig. 6 is in authors' opinion quite high, whereas the SNR of the spectrum in

Fig. 7 is much worse. This is moAt noticeable in the short-wavelength (high wavenumber)

region where few emitting species are observed. Since the combustion took place at latin
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using air as the purge gas, it is difficult to compare the SNR of the measured spectra

with the predicted SNRs obtained from the previous analysis and shown in Table 1. As

briefly mentioned previously, a comparison is difficult to perform because (1) the species

concentration and temperature is nonuniform along the line-of-sight as result of combustion

near the edge of the unburned propellant products and the oxygen rich purge gas, (2)

a turbulent combustion zone between the oxidizer in the purge .gas and the unburned

propellant products is established which introduces additional noise in the spectra that is

not accoumted for in the development of the expression for SNR, and (3) the plume widens

to approximately 25mm at tlUe point of measurement, that is, there is significant radially

outward diffusion of the IR active species which must be balanced by a radially invard

diffusion of the species in the purge gas (both 02 and N2 ). The 6 mm wide IR collection

volume (or- the center of the slit) was focused at about 8 mm above the burning surface.

Nonetheless, Ithe characteristic infrared emission bands from the expected combustion

products are readily identified. 15 However, the emission spectra of combustion products

measured at elevated temperature axe in general not similar to the reference absorption

spectra which have been measured at room temperature due to the band broadening or/and

shifts caused by various reasons, such as high temperature, self absorption, etc- The

identifiable emission bands in Fig. 6 include: (1) C0 2 , centered at 2349 and 667 cm-1

corresponding to the v3 and v2 bands, respectively; (2) H20, centered at 3756, 3652, and

1595 cm- 1 corresponding to the v3 , vI, and v2 bands, respectively; and (3) CO, centered at

2143 cm- 1 corresponding to v, band which slightly overlaps the v23 band of C02 centered

at 2349 cm- 1 . In addition, some thermal fragments (as various hydrocarbons) of the

incomplete combustion products also appear in the 1400-1000 cm- 1 region.

Measurements with a smaller slit height of 100 /m were also conducted, but a consid-

erable increase in the noise was observed as expected. A much improved value of the SNR

can be achieved by employing wider strands to obtain a larger area over which the emission
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occurs and by using parabolic collection mirrors to increase the amount of collected IR

energy.

CONCLUSIONS

An analysis and results have been presented for the purpose of investigating the achiev-

able spatial resolution of emission measurements of the producti from solid propellants

combustiun using an FT-IR spectrometer. In order to extrapolate to relevant rocket mo-

tor conditions, experiments were performed to determine !he unknown constant in the

empirical expression for SNR. The theory of SNR assumes that the major source of noise

is the detector noise. The major conclusions from this study are as follows:

(1) The expression employed for the determination of SNR has been verified by experi-

ments in the optically thick limit.

(2) For condition applicable to high pressure solid propellant combustion, the predicted

maximum SNRs are of the order of 1000 at a spatial resolution of 100 pim. It is

expected that such SNRs are sufficient to apply band ratio techniques for deducing

species mid temperature profiles.

(3) Measurements of emission spectra of NOSOL-363 at low pressure (one atmosphere)

yield an SNR that appears to be quite high using a spatial resolution of 1000inm.

(4) The SNRs of the employed experimental setup can further be increased by employing

wider slit or use parabolic mirrors in the IR. collection optics.
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Table 1. Predicted SNRs using a 100 pm slit size of emission spectroscopy near the peak of the v3 fundamental ban,
CO2. The equilibrium mole fractions and adiabatic flame !emperatures have been calculated using the CET86 ci

Applied Adiabatic Equilibrium Mole Fractions, X
Propellant Chemical System Flame - pXznL SNR for a

Family Pressure Temperature CO2  CO H20 H? N2 (x I(P 100 P.im Sli
(atm) (K) atm-m)

1 2359 0.12 0.43 0.20 0.13 0.11 0.70 211
M1O Single-

base 10 2385 0.12 0.43 0.21 0.13 0.11 7.0 720

100 2397 0.12 0.43 0.21 0.13 0.11 70. 753

1 2708 0.13 0.36 0.25 0.10 0.12 0.79 251
JA-2 Double-

base 10 2821 0.13 0.37 0.26 0.10 0..2 8.0 951

100 2883 0.13 0.37 0.27 0.10 0,12 81. 1039

I 2893 0.17 0.31 0.23 0.06 0.13 1.0 313
M9 Double-

base 10 3113 0.18 0.31 0.25 0.06 0.14 11. 1140

100 3307 0.19 0.31 0.27 006 0.14 114. 1297
1 2332 0.09 0.41 0.21 0.17 0.11 0.52 162

NOSOL- Double-
363 base 10 2357 0.09 0.41 0.21 0.17 0.11 5.2 671

100 2368 0.09 0.41 0.21 0.17 0.11 52. 736

1 2544 0.07 0.?-7 0.23 0.13 0.28 0.45 149
M30 Triple-base 10 2602 0.07 0.27 0.24 0. 13 0.28 4.5 739

100 2627 0.07 0,.27 0.24 0.13 0.28 45, 887

1 2157 0.03 0.39 0.10 0.27 0.21 0.17 57
XM39 Nitramine

10 2166 0,03 0.39 0.10 0.27 0.21 1.7 383

100 2170 0,03 0.39 0.10 0.27 0.21 17. 624
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Introduction

To measure the flame spreading over solid propellant surfaces, many techniques have

been employed.' Brown et al.' and Jensen at al.' employed fuse wires and thin-film flux gages

embedded in the propellant sample for measurements of ignition and ignition front propagation

rates. Mitchell and Ryan4 used a high-speed movie camera to measure flame spreading over

freshly cut nonaluminized composite solid propellants. Similarly, McAlevy et al., recorded the

flame spreading event with a motion picture camera. However, the use of cameras for measuring

flame spreading is difficult. The recorded (visible) luminosity at a specific location may be due

to chemical reactions of pyrolysis products carried by the mean flow from upstream, or the

luminosity could be due to glowing particulate matter, such as aluminum or boron or their oxides.

The objective of this work is to present a new approach for measuring flame spreading

over solid propellant surfaces. The approach is based on the characterization of the radiant

energy emitted from the combustion products of a typical solid propellant with and without a

burning surface in the background. To characterize such emission, a rapid-scanning FT-IR

spectrometer system has been employed for measuring the emitted energy from the combustion

products of a solid propellant containing aluminum/ammonium perchlorate/hydroxyl-terminated

polybutadiene (A!!APAHTPB).

Measurement Approach

During the ignition transient, the solid propellant i: 5ubject to intense heating by

convection, radiation and particle impingement up to its ignit-on temperature. Once the solid

propellant bums, the emission of radiant energy from the burning surface and gas/particle

mixture shouid remain nearly constant (unless the conditions within the motor change). To use

the emitted eneigy as a means for detecting the flame spreading duIng the ignition transient,

three impoirtant aspects must be satisfied. First, it is necessa-' a optical access to the
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measurement location. Second, the emitted radiant energy from the burning surface must be

distinguishable from the emitted radiant energy from the flowing, hot combustion products. That

is, the emission of radiant energy from the hot combustion products cannot overwhelm the

spectral emission characteristics of a burning surface. Finally, it is necessary that the radiation

measurement system is capable of recording the rapldly changing event taking place during the

flame spread. TThe most important component of such a system is the detector, which should

have a time constant on the order of 1 pIs. Examples Include, among others, the mercury-

cadmium-telluride (MC,), lead selenide (PbSe), or the indium antimonide (inSb) detectors.

Experimental Setup

To examine the emission characteristics of the combustion products, a preliminary

engineering study was conducted using the MCT detector in an FT-IR spectrometer system and

a solid propellant containing a mixture of AI/AP/HTPB (18% Al). The details of this spectirometer

system have been discussed previously.' To simulate the flame spreading in a simple yet

realistic manner, four cases were devised as shown in Fig. 1.

Case 1, which involves the burning of a single, vertical propellant strand as shown in

Fig. 1 ta), represents the situation that is expected to occur when the hot combustion products

(from the core of the motor) flow over and heat up the propellant. Case 2, which involves the

burning of both a vertical strand and a horizontal strand simultaneousiy, approximates tl

situation when hot combustion products flow over an ignited surface. Case 3 represents the

situation when there are no hot combustion products flowing across a burning surface. Finally,

Case 4 Is the setup to determine the spectral features of the background emission.

Results and Discussion

Measurements oi emission according to the four rases described above were performed

using solid propellant strands of 6 mm diameter and 30 mm length. The FT-IR spectrometer was
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set to take 100 double-sided interferograms at 8 cm*1 resolution, wlth aach interferogram requiring

approximatcly 300ms of measurement time (4296 data points). The top of the vertical strand was

aligned within the measuement line-of-sight locAtion to capture the ignition transient phenomena.

The local spot size of the IR measurement was adjusted to a circle of 6 mm diameter. The strand

wa•. easily ignited using electrical resistance heating of a nichrome, wire inserted into the top of

the strand. The burning rate was approximately 5 mm/sec in the windowed test chamber using

nitrogen as purge gas at 1 atm.

As the top of the burning propellant strand recedes below the fiald-of-view of the detector,

the emission of radiant energy is primarily due to the equilibrium combustion products, which are

gases and particulates (primarily Ai1O,). Figure 2 shows the MCT detector response average of

10 scans from Case I [defined In Fig. 1 (a)]. During the measurement period of time, which was

approximately 3 sec, the burning surface receded approximately 15 mm, but the sequential

individual emission spectra (not shown) show only a 10% variation. Although the spectral

resolution Is only 8cm"1 and only 10 scans were averaged, many of the characteFistic vibration-

rotation bands of IR active molecules a.e clearly revealed.

The following Identification of IR active species uses Information compiled by Herzberg.'

"The major species formed during the combustion are as exoected H2O and COQ. The water

vapor has bands centered at 3700 and 1587 cm"', but the pure rotational band appears to be

washed out by the continuous emission from the aluminum oxide particles and the strong

fundamental band of CO centered at 667 cm". C02 aiso has another fundamental band

centered at 2400 cm" and an overtone centered at 3700 cm*'. H~i, CO, and NO have

fundamental bands centered at 2850, 2170, and 1850 cm*', respectively. Visual examination of

the floor of the windowed test chamber did not reveal any soot formation of the AI/AP/HTPB solid

propellant. but white dust settled everywhere within the test chamber and thus required a
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thorough clean up after each te.it firing. The identification and assignment of additional species

require higher resolution and the availability of reference spectra at high temperatures.

The MCT detector responses of Cases 1, 2, 3 and 4 are shown in Fig. 3. The first 3 cases

are the average of 10 scans following the Ignition transient. The background emission according

to the setup of Case 4 is included for comparison purposes. In Case 2, the vertical strand was

ignited near its top, whereas the horizontal strand was ignited convectively from the hot

combustion product gases evolving from the vertical strand. The ignition transient lasted

approximately 1.5 sec and was dominated Ly continuum emission. The recorded sequential

spectra, which are not included here, revealed that the emission of radiant energy remained fairly

steady once the ignition transient was complete. In addition, the absorption peak near 2400 cm*'

of Case 3 is a self-absorption effect. That is, the hot combustion produc is mix with the N, purge

gas to form relatively cold gases that partially absorb the radiation emitted by the products

evoiving from the burning horizontal strand.

Examination of the results shown in Fig. 2 raveals that the continuum emission from the

Al20 3 part~cles is extremely small although the initial alumindm m6ass fraction in the propellant Is

large. The continuum emission is especially absent in the 5000-2400cm" region aftnough the

combustion products are at a high temperature. The reason for such low emission is attributed

to the lh w emissivity of such particles, which are known to have a very large scattering cross-

section that Increases with increasing wavenumbers.' Once the burning surface Is within the field

of view of the detector, according to Cases 2 and 3 shown In Fig. 3, the continuum emission

within the aforementioned wavenumber region increases significantly. The increase in the

spectral detector response is possibly attributed to the emission by carbonaceous residue

formed from the binder polymer fragments ejected from the burning propellant surface. Because

of the low emissivity of the aluminum oxide particles, emission measurements are proposed
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covering fhe 5000-2400 cm*' region for' the daekc~lon of flams spreading along the surfaco of a

propellant containing significant amnounts Of aIluminum. That Is, the emission of radiant energy

within this wavenumber region should increase significantly onc the surfac-e has Ignited.

Summary and Cc~nciusions

An FT-IR spectrometer system has been employed to measure the thermal radiation

emitted from the combustion products of a solid propellant. The objective of the measurements

was to ascertain the characteristics of radiant energy emitted f1romt the combustion products with

and withiout a burning surf acs in the background. Based on the findings of this preliminary study

involving a propellant containing AI/AP/HTPB (18% Al}, it is expected that Infrared measurements

covering the 5000-2400 ct~r' wavenumber region should enable definite detection of the arrival

of the propagation of a flame front over a solid propei~ant surface.
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Ust of Figures

Fig. 1 Experimental Setup of Propellant Strands within Windowed Test Chamber for Conducting
Emission Measurements Simulating Flame Spread

Fig. 2 MCT Detector Response due to Emission from Combustion Products of an AI/AP/HT'PB
Containing Propellant Strand Burned According to Case 1

Fig. 3 MCT Detector Responses due to Emission According to Cases 1, 2, 3 and 4



oz 379

Lz.

CL. V)

z&w

crCc

V)Z

Ld

/ z z



380

00

.4J Uc

Cd bD C)

0 120

00

0 C0

Cu

00

0.

61D

In

0 n C)C))
0; I

0ý CD 0l 0
0)



391 -

____ ___ ___ ____ ___ ___ ____ ___ ___ ____ ___ 38

biDb
5 4dg 1 CD

to ., :3 o bO C

a W 114 U m C

0U84 10 Pi!Cd~



3I2

CHAPTER 4

STEADY.STA' COMBUSTION BEHAVIOR OF MG/PTrF.NVITON

AND BORON-BASED SOUD FUELS

I. Introduction

Basic knowledge of se-u'dy-state burning behaviors of solid energetic materials is essential

to., umerous applications. Ilhiae behaviors include: (1) baseline regression rate as a function

of pre'sure, initial temperature, and other operating conditions, (2) deduced activation energy

and frequency factor as kinetic input parameters to computer codes, (3) low-pressure

deflagration? limit and temperature sensitivity, (4) flame behavior and burning surface conditions,

(5) burning .. ,rfa ;e termperature, and (6) ejection of particulates from the burning surface region.

Such basic data aro,# important In the design of propulsion systenms, and they are needed in the

development antC execution of comprehensive theoretical models of combustion processes of

energetic matels.

The objective of this task is to achieve a better understanding of the above-mentioned

combustion behaviors of various energetic materials by conducting experimental investigations

using a temperature and pressure-controlled optical strand burner.

I. Method of Approach

A temperature- and pressure-contrctled optical combustor was used in this work to study

boron-based BAMO/NMMO energetic solid fuels, and magnosium;teflon/viton-a pyrotechnic

materials. Figure 4.1 shows the schematic diagram of ths optical combustor. The chamber

pressure is measured by either a Validyne (up to 3,200 psi) or a Kistler ýup to 10,000 psi)

pressure transducer. The chamber pressure was kept constant by a solenoid valve of which

operation was controlled by an IBM/AT personal computer. In order to investigate the effect of

ambient gas composition on the combustion behavior, a purge gas with different compositions

was used to pressurize the test chamber.

To heat up or cool down the test sample to a pie-specified initial temperature, both

temperatures of chambe" body and purge flow were kept at the same 'evel. The chamber is

surrounded by a constant-temperature bath of silicon fluid, of which the temperature can be

preset at a level between -40 to 700C. A pump is incorporated into this closed-loop system to

provide a necessary driving force for circulation purpose. Through the heat transfer between the

chamber wall and the above-mentioned recirculating constant-temperature bath, a uniform stable
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temperature of chamber body can be attained. In test firings with lo~w initial propellant
temperature (..-1 (rC), the purge gas is first preccoled in a cryogenic heat exchanger, Operated
by means of liquid nitrogen, down to the temperature whi-ch is typically 1 50C lower than the pr&e

specified level. Then, a resistan-.e heati-1, linked to a~ contral unit consisting of a proportional

integral derivatve (PID) controllar snd a silicon concZIled retife$~CP) power suppiy, i-ipu~s an
appropriate amount of heat flux to the purge flow. Therefore. the chamber gas-phase

temperature ;s increased to the preset value and remaincid stable at that point.

During a tesst, a sam-ple of the energetic material is rnounteJ verutically in the Chamber.

Ignition of the sample is achieved by sending an electrical curten to a nichrome wire, pierced

through the test sample about 3mmn from the top surface. A scale is opticelly superimposed on

the image o! the sample by a semitransparent mirror. The length of the sample burned in a

certain time span iv accurately determined from both images of the scale and the test sample,
which are recorcied by a video recording system. From the informatlon of the instantaneous

locations ot the burning surface, the burning rate of the test sample is deduced.

For the pressure deflagration limit tests, the chamber was depressurized at, a rate of about
1.0 kPalsec. 'rho extinguishment of the test sample was indicated by a sudden cham-ber
pressuire drop and, therefore. the pressure deflagration limit can be determined from the recorded

pressure-time trace.

In order -%o measure the burning surface temperature and thermal-wave structures in t~he

subsurface and gas-phase region of the test sample, fine-weire thermoeouples (Platinum/PMatinurn-

13% Rhodiumn) with a wvire diameter of 5 to 50 gin were nxnployed in this investigation. The

thermal conductivity and diffusivity of the energetic material as functions of temperature were
(;educed from the measured subsurfa.,e ýemperalure profies using the subsurface temperature

profile (ST?) method developed by the researchers. As montioned above, the, *burning raze and

burning surface temperature wvere measured from frecorded video images and thermocouple

outputs, respectively. As the burning rate and burnin~g sud1ace, temperature data are availlste,

the activation onargy and the pre-eyponer.ial factor are 1hen deduced uý,iig a least-square

nonlinear regression analysis.

Ill. Discussiont of Results

In this research wvork, combu.zItion behaviorsý of 3or--.-/(PA1MOj-`NMMVO) and

MGIPTFE/VlTON-A (MTV) solid fuels under different opewatiný, Conditions were invastilqatvd.

Results, obtained frorn ,the study of B/(BAMO/NMMO) solid fuels are giver. :n Apoendices 4.1, 4.2,
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The above results suggest the use of MTV solid fuels with other ingredients produces large

amounts of nitrogen which facilitates the heat release and burning rate.

The important physicochemical processes involved in the combustion of MTV

solid fuels in the presence of air were qualitatively identified. Five reaction zones

characterizing the combustion behavicr of MTV solid fuels were envisioned for the

first time. These reaction zones are inert heating, subsurface secondary reaction,

subsurface primary reaction, primary combustion, and secondary combustion

zones.

The thermophysical properties, including therma. diffusivity and conductivity, were

measured using a subsurface temperature profile and laser flash methods. it was

found that both thermal diffusivity and conductivity are strong functions of

temperature, and change drastically in the temperature range of 20-500C. This is

found to be caused by the crystalline transitions of PTFE in this temperature

range,

0 In the study of combustion behavior of B/(BAMO/NMMO) solid fuels wVh:l different boron

weight percentages, the following important findings have been obtained:

The burning rates of boron/poly(BAMO/NMMO) fuel-rich propellants were

measured and foul id to depend strongly upon boron weight percentage and

pressure. Burning rates uf B/(BAMO/NMMO) solid fuels were found to increase

with boron percentage up to the vicinity of 20% and then decrease. An "energy

sink" nypothesis has been prcposed to explain this dependency and is supported

by thermocouple measurements of the maximum temperature of combustion

products. This hypothesis suggests that as the boron part;cle weight percentage

exceeds a critical level, they absorb a significant amount of energy from the

reaction zone, thereby reducing tho energy feedback io the propellant surface.

Also, boron particles under such high concentration conditions may not oxidize

lo form the second-stage vigorous coombustion zone near the burning surface.

Formation of hexagonal --,stalline boron nitride (BN) in the combustion residues

of boron/po'y(BAMO/NMMOQ solid fuels was observed experimentally.

Thermoequilibrium cauiations also show the eostence of BN only at high

equivalence ratios. Under these conditions, some performance gains can be

obtained even though the hGat of reaction in forming EN is less than one-half that
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of B203. This implies that boron nitridation could be important and deserves

further study.

The important physicochemical processes involved in the combustion of

B/(BAMO/NMMO) solid fuels were identified from observations and measurements.

Four reaction zones characterizing the combustion behavior of B/(BAMO/NMMO)

solid fuels have been defined within temperature boundaries of the identified

physical chemical processes.

From the SFRJ performance point of view, there are both advantages and

disadvantages to using BAMO/NMMO copolymer-based fuels compared to

conventional HTPB-based fuels. The advantages are mainly due to its vigorous

pyrolysis characteristics for dispersing boron particles from surface reaction zones

into the main reaction zone. Therefore, high boron combustion efficiency can be

expected. The second advantage can be attributed to its higher performance at

lower air-to-fuel ratios, since it contains a certain amount of oxygen and thu,3

requires less ambient oxygen to burn. The disadvantages of BAMO/NMMO

copolymer-based fuels are essentially due to their lower performance at normal

SFRJ operating conditions This lower performance is caused by their lower heats

of reaction, resulting from lower hydrocarbon content, in comparison with

conventional hydrocarbon fuels (such as HTPB), despite their high positive heats

of formation.

IV. Conclusicns

A unique test setup with well-controlled pressure (up to 9,000 psi) and initial temperature

(from -40 to 70MC) conditions was designed and constructed. This test setup wvis utilized to

investigate the combustion behaviors of B/(BAMO/NMMO) and MWI solid fuels. Results obtained

from this research work have been applied by private industries and government laboratories.

Findings on the combustion behavior of MTV propellants have been very helpfus for military

purposes. Similarly, results obtained from the study of B/(BAMO/NMMO) solid fuels have been

useful in assessing the applicability of this type of fuel for solid fuel ramjets.
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APPENDIX 4.1

Combustior. Behavikr of Boron-Based BAMO/NMMO
Fuel-Rich Solid Propellants

Wen-Hsin Hsieh,' Arie Peretz,t I.-Te Huang,* and Kenneih K. Kuo§
Pennsylvar.ia State University, Universi.y Park, Pennsylvania 16802

Combustion characteristics of borotdpolyiHBAMO!NXMMO) fuel-r;ch solid prnpellants have been studied due
to their potential appilcat;on to solid-fue, mmjets ($SFR). For the. sqme bo-on contenft, BAMOINMMO copol-
yir.v-c•ea fuels are s upr'or to conventional hydroxyl terminated polybutsdlen tHTPB) fuels due to their
vito-ous pyroly-L, characteristic for dispersing boron particles into the main reaction zone. However, their
specific Impulses Pre gener.ACy lower that. that of HTPB. In spite of hWgh positive hlrav. of formation. Formation
of hexagonal crystalline boron nitride (BNM has been foand in the combustio- of this family of propellants
sudied. iavorible conditio•s for the formaticn of EN have been identified. BN also has a significant effett on
tht theoretical-perfornance tor high equiualence ratio conditions. The burning rate was found to deenid stroatgly
upcn pressure and nwunonotonikally on boron content. An "energy sink" hypothe-is Ls proposed to expiain
this observation. Fine-wire thermocouple measurements support this hypotht 'is.

I. Introduction Boron. on the other hand. is well-known for its high heat
T HE continuous search for more energetic and denser re!ea,' during oxidation or fluornation.4 It carnprovide more

binder materials for solid propelants and fuels has. in than three times the volumetric energy density of conventional
recent years. prompted the synthesis and development of novel hydroczrbon solid fuels used in air-breathing ramjet propul-
polymers with azide, nitro, or nitrate groups.' Performance Slion systerms. However. problems associated with the ignition
increases can be expected by replacing the conventional non- and combts,ton efficiency of boror, particles have been an
nergetit. polymeric binders with polymers titat could con- obstacle in utilizing boron-contaamng solid fuels or propellants

ribute energy to the formulation. These polymeis are ger•' in ram)et engines. !t has been shown in a recent study by
erally characterized by high positive heat of formatiotu, high Chen et al.3 that 'he combined effect of very high heat release
density, relatively low decomposition temperature, high ni- by exothermic decomposition reaction- and the highly tur-
trogen content, ease of ignition, fast pyrCysis and low oxygen bulent nature of the pyrolyze.i gases of BAMO/NMMO co-
consumption for combustion. In particular, copolymers of polymer binders enhanres the igntion of the boron particles
nitrate esters, such as 3-nitratomethyl-3'-ntethyloxetane in BAMOiNMMO-based fue!rnch p.opeliants. In addition, it
(NMMO) with (azidomethyl)-oxeane polymers, such as 3- may be e::pected that high performance can be obtained, due
azidomethyi.3'-methyloxetane (AMMO) and 3,3bis(azi- to the combination of two energet;c fuel components, and
donicthyl)-oxetane (BAMO) have recently received much in- also lhtgner regression rates, caased by exothermic solid-phase
terest as potential candidates for energetic propeilant ftels.-2  or surface reactions, which is usually very desirable in solid-
Evaluation of solid propellants. using poly(BAMOfNMMO) fuel rarijet, tSFRJ).
)olyether glycol as a binder, has shown high-performance It is known that oxidation of boron is highly exothermic.
mapability in terms of volumetric specific impulse and excellent Under oxygen-nch conditions within adequate temperature
mechanical propentes. especially in terms of elongation.' !Te and pressure ranges. the combustion products of boron will
molecular structures of BAMO and NMMO polymers are be boron oxides (e.g.. BO8,. 30. 80. HOBO, H3BO,).

BAMO (CN 6O),NMMMO (CHNO,).,
0iN CH, "CH_,N5  "1 C H

14 i4 H-

H__ H-iOHH - c -C -CoS i It I 1 i 1

L CE-,N . CH,-0-"-NO,1

Presented as Pzper 89-28&t at the AIAAvASME1SAE!ASEE 25th However, when the oxygen concentration is limited. not all
Joint Proputsion Conference. Monterey. CA. July 10-12. '989, re- of the boron fuel can be oxidized. Instead of losing the heat
ceived Aug. 7. 1989. revision reoe;ved June .25, 19%J. -cceptcd for of reactton of unox~dized boron, it is useful to consider the
publication July 16. 1940. Copyright 0 1989 by Kenneth K Kio reaction of boron with other elements such as fluorine and
Pubished byth American hn. stiuteofAeronautisandAsR;onauti•, nitrogen. This is why certain fluorine compounds are some-

i Assistant Professior. Departmen of Mechanical Engincerin times introduced into the formitlattons of solid fuels and pro-
Member AIAA. peilants. To the best of the authors' knowledge. boron nitri-

*Visitine Professor, on sabbatical leave from Rafael-ADA. krael daton has not been considered in the performance evaluation
Asse-,ate Fellow AIAA. of boron-based solid fuels. One exception is attributed .o

*Graduate Stu dent. Department of Mechanical Enginecrin'g. Weber and Mueller in their considetation of metal combustion
,Disitguiihed Professor of Merhanieal Engirecnng, Fellow AIAA. in the Martian atmosphere."
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Preliminary thermochemical calculations an-( strand-burner Table I Majo. products of combustion of boron/poly

tests conducted in this study have shown that under certain BAMO/NMMO) (containing 29% boron by weight) with air at
conditions (e.g., high equivalence ratios) nitridation of boron 0.690 MPa (100 psia)
can indeed take place to form hexagonal crystalline boron Equivalence ratio.
nitride (BN). The heat released in this reaction (23.2 kJig Combustion products.
boron) is less than one-half of that released in boron oxida- mole fraction. % 1 2 4

tion. This phenomenon has surprisingly received no particular N. 74.56 60.36 30.86
attention in the propulsion literature, as mentioned above. CO6 5.93 0.01 -

The overall goal of the work described herein is to study HBO2  5.72 0.80 0.01
'the propulsion-related combustion behavior of the newly de- HO 3.95 0.04 -
veloped borcn/poly(BAMO/NMMO) fuel-rich solid propel- CO 3.06 15.29 22.46
lants with the following specific objectives: 1) assessment of H2.08 0.0H-- 10.18 16.91
the applicability of these fuel-rich propellants to SFRJ en- BN(s) - 2.04 22.38

gines; 2) conduction of thermochemical and thermoanalytical HBO 0.02Q 4.00 2.12
studies to achieve a better understanding of the pyrolysis proc- B.O. - 2.46 0.29
ess, 3) determination of the burning rate as a function of the
boron content and pressure by using a windowed strand burner:
4) measurement of the thermal wave structure by fine-wire
thermocouples. 5) determination of the favorable combustion bustion products for a composition containing 29% boron
environment for the formation of boron nitride by examining burned at 0.690 MPa and equivalence ratios of 1. 2. and 4
the combustion residues with scanning electron microscope with air, which has enthalt corresponding to a flight speed
(SEM) and x-ray diffraction analyzer. and 6) identification of of Mach 2 at sea level. Cry.stals of hexagonal BN were found
the source of nitrogen for boron nitmdation by conducting in residues from strand-burner tests in this study, as described
strand-burner tests in both air and oxygervargon atmospheres. in the following section. Boron nitridation releases 23 21

kJ/g boron, as compared to 58.74 kJ/g boron for oxidation to
B103. When an SFRJ is operating under certain conditions

11. Thermochemical and Thermoanalytical Studies (such as high-altitude, hig,' angle-of-attack flight, or an ac-
celerating climb), conh.stion of solid fuels will occur at high
equivalence ratios. Under such conditions, the amount of heat

Thermochemical Equilibrium and Perfornmnce Calculations reiease due to chemical reaction comes not only from boron
The fuel-nch propellants used in this study were synthesized oxidation but also from boron nitridation. Chemical-equilib-

and provided by G. E. Manser of Aerojet Solid Propulsion num calculations show that the portion of unoxidized boron
Company. They are based on the BAMO/NMMO copolymer nitndation increases with pressure. as confirmed by the ex-
as a binder with 70/30 mole ratio, respectively, which yields perimental testing conducted in this study.
the molecular formula (CsHs.3-N., 3oO:.o:) for the repeating Detailed studies of the finite-rate chemical kinetics of BN
anit. This energetic formulation has a heat of formation of formation under actual fuel-rich SFRJ operating conditions
+ 1,378 Jig (53 kcallmole). The mass fractions of nitrogen and should be conducted. Investigation of various researcners in-
oxygen in the copolymer are 37.4% and 20.1%, respectively, dicated that there are me kinetic limitations of boron ni-
with the nitrogen coming mostly from BAMO. This copoly- tridation.'
mer was mixed with a boron powder of sumiicron particle In addition to the chemical-equilibrium calculations, the
size (median particle diameter of 0.5 I±m) at *everal mass CET 86 code was used to calculate the "heoretical perform-
fraction ratios: 0, 5, 10, 17.6, and 29% boron. In addition, a ance of an SFIR by assuming complete equilibrium combus-
formulation containing 40% bimodal boron powder with par. tion. A performance comparison was mpde between boron-
ticle sizes of 0.5 ;m (30%) and 20 ;m (10%) was prepared based poly(BAMOINMMO) and 1tTPB fuels for the same
and supplied. The pure copolymer tested in this study had a boron mass fractions at the Mach 2 sea-level flight condition.
density of 1.26 g/cmn. The calculated results show that for the same equivalence

Computer rins of the CET 86 chemical equilibrium trans- ratio in the :.nge of 45 = 0.6-4.0, boron-based poly(BAMO/
port code' for the combustion of the above-mentioned com- NMMO) fuels have considerably lower gravimetrn.c specifi:
positions with air at vanous equivalence ratios .. combustion impulses than those of boron-based HTPB fuels. This is caused
pressures, and air temperatures, ranging from 0.6-4.0,0.207- by the higher heat of combustion of the HTF-B binder, which
1.034 MPa (30-150 psia), and 298-537"K, respectively, were overcomes the high positive heat of formatiou of the
conducted to evaluate the performance of these propellants poly(BAMO/NMMO) binder. The difference in performance
in solid-fuel ramjets and obtain rnfcmation on the global between these two types of fuels becomes much smaller ;n
equilibnum combustion products. terms of volumetric specific impulse, which is very important

Complete combustion of pure poly(BAMOINMMO) with for volume-limited propulsion systems. Figure I shows plots
air yields N:, CO., 02, and H2O as the major combustion of the theoretical volumetric specific impulse as a function of
product species for fuel-lean conditions (d < 1), as expected. equivalence ratio for pure poly(BAMO!N.MMO) and H-TPB
For fuel-nch combustion (6 > 1). as 'b increases. CO. converts fuels and the same fuels mixed with 4'0% boron, all burnine
gradually into CO and unburned carbon, whereas H.O is at 0.690 MPa in an SFRJ engine at Mach s2a-level flight.
replaced by gaseous hydrogen. A theoretict'l adiabatic flame The density and heat of foirnaton of HTPB were taker as
temperature of 2607'K is obtained for 6 = 1. a combustion 0.92 gtcmn and 0 Jig. respectively. The relctively high per-
p~ressure of 0.685 Ma. and a flight speed of Mach 2 at sea formance of the boron-ioadec, fuels at high equivalence ratios
level. It was found that the effects of both pressure and air is obtained due to boron ntrdation. The same performani.e
temperature are small in the range studied, is plotted vs air/fuel ratio in Fig. 2. The stoichtometimc air/

When boron is added to the poly(BAMOINNMMO) binder, fuel ratios for various fuels are also gven mo Fig. 2. For low
the major equiiibnum combustion products also contain bo- airfuel ratios. the poly(BAMO,,NMMO) fuel is siperiur to
ron oxides, mainly HOBO. B:O,. and B:O:. The CET 86 the pure HTPB fuel, due to the larger ov.ygen defciency of
chemical equilibrium transport code reveals that as less oxv- ,he latter. As the airfuel ratio increases. the pezfcrmance of
gen is available for t > I. some boron nitndation takes place. the HTPB-based fuels beccmes graduall. greater. It should
The mole fraction of bocron nirde (BN) in the combustion be recalled that the hydrcatrbon mass fraction vf polylBAMO'
products increases with the equivalenc: ratio and the boron NMMO) is only 42.5%. as compared to almost 100% hydro-
content. Table I lists the major theoretical equilibrium com- carbon for HTPB.
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- MAC 2 I-LEVEL FLI the BAMO polymer was determined to be 463K by slow
20.ooOcusTION PRIEssUAC:065s l .4 heating at atmospheric pressure of argon.

u:,The mass spectrometric studies of the thermal decompo-
* i -sition of NMMO polymer conducted by Farber et al. 2 re-

.P. tPOIAMO/,UMO) " vealed that decomposition starts at about 100TC. with the
1 s.,ooop- ,,\ \ __• P ,r - release of NO: and CHO by the rupture of the nitrate bond

0% 840 POLY (.. ,-,YSAoMoJ (O-NO,) and the bond destruction in the nitrate ester side
13 o..... 40% &too% "7P8 group. The onset of the oxetane backbone decompos; ion

SI -occurs at approximately 150C. Oyumi and Brill10 suggest that
z o.ooor- - , considerable condensed phase rections take place in the de.

composition of poly(NMMO), which is assumed by them to
, 5rs"-. "I start with the release of CH:O or CO. They claim that the

"decomposition temperature of polv(NMMO) is 187C. Man-
2 s - "-.'"_ set is quoted as suggesting that thc backbone of NMMO pol-

i ymer might be less thermally stable than the nitrate ester.,-'
1 z.,o•• Thermogravimetric analysis (TGA) tests in a 0.1-MPa ar-

gon atmosphere were conducted in this study on fuel-rich
0 2 3 4 compositions with various boron content, using a Perkin El-

EQUVALC RO met TGS-2 thermogravimetric analyzer at a heating rate of
tQuIVALtCtC RATIo 20*0min. Weight loss of pure poly(BAMOINMMO) samples

Fig. I Comparison of volumetric specific impulse of BAMO(NMMO started at 150-155'C at a very slow rate and rapid pyrolysis
d copolymer and HTPB fuels with 0 and 40-76 boron at '.arious equiv- took place at a temperature between 205 and 21C0, leaving

Saknce ratios. residues between i and 2%. The addition of 5. 10. and 18.3%
boron did not substantially affect the temperatures of the s..art
of weight loss and rapid pyrolysis, but the dispersion in the

s , 4-ICYAt ,LC.r measured values of these temperatures was higher than that
comut.ilatiw491SLt 06Mto W#4 oo1004.,. of the pure conolym -r. The residue inzreased to between 2

no . J and 3%. A 4ingle test with a composition containing 40%
at- boron showed an onset of weight loss at about 120"C and
n. - ... - rapid pyrolysis at 210TC. leaving a residue of only 1.2%. No

b /I definite conclusion for this difference can be drawn, due to
n / the small number of experiments. However. it must be noted
t/ / 7'that in all tests. eyeball observations revealed a very rapid

"and violent pyrolysis ptocess. in which the pyrolyzed gases of
,so / 'f /0V 8A4/ U~tthe copolymer dispersed the boron powder in the gas phase
in-sj / ./ -- KSi).•.,3.0,.9,,,j...., in the form of a brownish cream-colored cloud. A single TGA

i- 4-. " 0 test with a sample of HTPB-based fuel with 30% boron was
2 //' s o. %P•.Ui ,J.,t also conducted for comparison. In this =ase. the weight loss

40%ttI.%TP,.If..LZ $ started at about 160"C and proceeded slowly until the rate
he.. . ,_•_,_ , was substantially increased between 420 and 480*C. leavingm0 it ,0 ,, a black residue of 34%. The shape of the curve agrees well

AIR Iut FUERTIO with published TGA thermograms for pure HTPB fuel.11 Fig-
Fig. . Performance comparison of BAMOiNMMO copolymer with ure 3 shows the above-described TGA thermograms of 40%
HTPB fueta containing 0 and 40% boron at various airitfuel ratios. boron-containing poly(BAMO/NMMO) and 30% boron-Aon-In. taining HTPB fuels. In view of the close similarity of the TGA

ice thermograms of pure HTPB' and the boroniHTPB fuel of
et Thermoanalytiall Studies this study, one may conclude that the boron content has an
tic Extensive studies of the thermal decomposition of energetic insignificant effect on the decomposition process of HTPB
ed monomers and polymers have been conducted by Farber et for temperatures up to the completion of decomposition
ca al. and Oyvumt and Brill.-'-.O" An interesting finding by the (-450"C). The only noticeable effect is that the boron-con-
he latter with regard to poly(BAMOINMMO) was that the two taining fuel has a higher percentage of residue.
cc polymers decompose more or less independently despite being
.n copolymenzed. It was also revealed that pressure and heating
nt rate ex-rt relatively little influence on the concentration of |
)is the gaseous decomposition products. Mass spectrometric and 0 .. -
o,) f rapid-scan Fourier-transform infrared spectroscopy (RSFTr".)
is tests have shown that both BAMO -.;d NMMO polymers
ig decompose thermally in two stages. In the first stage (primary .
it. decomposition). rupture/destruci:on of the side groups takes \

place. and in the second stage, decomposition oz the polymer . x Ji r- oxetane backbone occurs. Farber et al." conducted mass spec- $or

A trometric studies of the thermal decomposition of BAMO J.4- 42%S,,ott,,MJ#W•X 5%
polymer at 10' Torr. and reported a start of decomposition 2 ,s ,, ", ,o/0H ,- -C

It. at 1304C by release of molecular nitrogen due o the rupture W .

or scission of the aztde bond structure. Much higher rate of
N2 evolution is observed at-temperatures above 160TC. The , 12

of thret-carbon backbone starts to decompose into small frag- h
. ments. such as HCN. CH,. OH. and CHO. at 160tC and the ..

: thermal decomposition rate increases rapidly with tempera- 0oo zoo 300 400 0oo

ture. Similar results were obtained by Oyumi and Brill.'" by TEMPERATURE. -c

slow and rapid thermolysis of BAMO at a wide range of Fig. 3 TGA thermograms of polytlAMO/NMMO) and HTPB fuels
FTIR. The decomposition temperature of contvIning boron.
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RCCU%.A70• Fig. $ Measured st'and-burniag rate as a function of pressue for
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Experimental Approach O- ,RON-ARICE
In this investigation, a windowed strand burner was used • F( -/ "

to study the combustion behavior of boronipoly(B.'AMO/I /•
NMMO) fuel-rich solid propellants. Figure ,4 showsa sche- I • ,•.•e•,
marie diagram of the. windowed strand burner. A sample (5 HSAE NBRN

mm in diameter and 60 mm in length) was mounted vertically I RT TOIG
in the chamber. ignition of the sample was achieved by send- • HEAT 'REL.EASE OF"
ing an electric current to a nichrome wire, pierced through BO0RON coMBUSTIONthe test sample about 3 mm from the top surface. To deter- o0 '1!
mine the burning rate of the test sample, the image of a scale 0 10 20 30 40 50
was optically overlapped on that of the test sample by a semi- CaRON WEIGHT PERCENTAO
transparent mirror. During a test, both images of the scale Flig. 6 Effect of boron weight percentage on burning rate of boron!
and the test sample were recorded by a video-recording sys- Iciy(BAMO/NMMO) solid fuels at a fixed pressure.
tern. With this technique, the burning r-ate could be deter-
mined accurately from the length of the sample burned in a
certain time duration. In order to oxamine thtis effect, the burning rates for the ,five

Difterent gaseous mixtures were used to pressurize the strand types of test samples at 1.034 MPa (150 psia) along with theburnter for studying the effect of ambient gas environment on burning rate data for 17.6% boron/POly(BAMO/NMMO) fromthe combustion behavior of boronlpoly(BAMO'NMMO) fuel- Ref. 5 are plotted in Fig. 6. it was found that the highest

rich solid propellants. The chamber pressure was maintained burning rate occurs between 17.6 and 29% boron content.
at a preselected level by a computer-controlled gas supply Figure 7 shows the measured temperature profile obtained
system. Fine-wire thermocouples (platinum/lplatinum.13% using a 50-gin R-type thermocouple embedded in a 29% bo-
rhodium) were embedded in the test sample to measure the ron/poly(BAMOINMMO) sample, at a combustion pre~ssure
thermal-wave structure. Detailed descriptions of the com- of 0.345 MPa (50 psia) in air atmosphere. The burning surface
puter-controiled gas supply system. preparation of the fine- temperature, indicated by a sudden jump in the slope of tern-
wire thermocouples, their embedding in the propellant sam- perature near the surface, was found to be 20S°C. Thi, iena-
pies, and the data acquisition system can be found in Refs. sured burning surface temperature agrees well with the de-
14 and 15. The combustion resi'due, from the strand-burner composition temperature of the fuel-rich propellant samanic
te.sts were collected and examaineda by a.i SEM. The boron front TGA tests at a pressure of 1 atmn. The burning surface
compounds in the combustion residues, were determined with temperature T, for 29% boron!POly(BAMO/NMMO) in-
an x-ray di.ffraction analysis technique, creases monotonically with chamber pressure, ranging from

The effect of the boron content and chamber pressure on 200'C at 0.24 MPa (35 psia) to 3003C at 1.03 MPa (150 psia).
the burning behavior of boronlpoly(BAMOiNMMO) fuel- The burning surface temperature is aLso found to be a function
rich solid propellants was examined by testing five composi- of boron weight percentage. At 1.03 MPa, T", is nearly con-
tions with different boron weight percentages (0, 5. 10, 29, stant (:-300-310'C) for samples containing 5, 10, 17.6. and
40) at various pressures ranging from 0.241-t.034 MPa (35- 29% boron particles; it drops to 260"C for the sample with
150 psia). 40% boron particles. It is noted t.hat the subsurface temper-

ature profile shown in Fig. 7 does not follow the exponential
Results and Dliscuson of Strand-Burner Tests form, which is commonly observed or theoretically derived

The measured strand burning rates in air as a function of for inert heating zones with constant thermal properties. This
pressure for the five compositions of test samples are shown departure from the exponential form is believed to be caused
in Fig. 5. Error bars given in this figure are defined as = 2 or mainly by the subsurface reactions of poly(BAMOINMMO)
(standard deviation). The burning rates for all compositions binders, as dis,,ussed in the earlier section. Beyond the burn-
increase as the pressure increases. It is interesting to note that ing surface, the thermocouplesl continue to measure the tern-
the burning rate increases with increasing boron weight per- perature of the media in the two-phase reacting region. Some
centages up to a certain boron content and then decreases. irregularities of the temperature-time trace are noticeable:
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Sao . .. .0,, HB0 3, B. BN. etc.) accumulated on the "'burningI I suiface."
Too- In the lower portion of the first-stage combustion zone. theJ boron particles, coated with a thin layer (on the order of tensS[I of Angstromns) 1

6 of solid boron oxide, enter the hot combus-
' 0l tion environment as low temperature solids. As described by

KingI7 and Faeth. 11 heat transfer froin the reaction zone
-i 00 causes the particle teniperattire te rise with the B.20 3 !ayer

BURNING SURFACE j melting at roughly 1-55"C. Boron andtor oxygen diffuse across
23O~rthe oxide layer and tend to react more rapidly with the in-] crease of particle temperature as particles move in the upward

200-direction. This gives rise to a first-stage ignition of B/B2 0,
29% B0ORN/fBAI'3INA140

345LP particles, where reaction rates sudden~y increase with ap-
BURNNG I AIRpearance of luminosit~y. According to a number of researchers'

01 ......V*O0 observations summarized by Faeth,*:s this first-stage reaction
01 0 2 A TIME. 1. 6 10 appears toslow down almost immediatelyafethapar

ance of luminosity. This reduction of lum~inosity is believedge Fig. 7 A typical meatsured temperature-timne trace from a strand- to be caused by the thickening of the boron-oxid .e layer. Fuir-
burner test using a 50-pum fine-wire thermocouple. ther increase of BiB.O, particle temperature causes rates of

evaporation of boron oxide to increase, thus reductng the
thickness of the oxide layer. Eventuallsy, when the eva~poration

the irriculanties could be caused by the complex structure of rate of the oxide laver is sufficiently large to remove the oxide
the reacting zone described below. laver, a second-stage ignition is attained at about 1627CC.

A schematic description of the physicochemical processes From there on. the boron .1erticies are exposed directly to
occurring in the combustion of boronmpoly(BAMO,1NMMO) the ambient oxidizers and relativety fas: ý.orn conbustion
fuel-rich solid propellant, together with the temperature pro- takes piace. Thne above-mentioned processes are depicted in
file in the condensed and two-phase reaczing regions, is shown Fie. 8.
in Fig. 8. Several zones can be defi. j based upon the major to explain the deptridence ot burning rate as a function of
physicochemica! processes taking place in the specified do- boron weight percentage (as, shown :n Fig. 6), it is useful to
mains. In. zone 1. the condensed phase material is being heated consider the measured temperature-:tme traces under various
and there are no chemical reactions whatsoever. At the conditions. As mentioned a*bove, the surface temperatures of

-4boundary between zone I and zone 2. decomposition of BAMO the burning fuel-rich propellant sample tested in this study
Ipolymer starts around 130*C (measured under '.acuum).9 As are quite low (-2052C). The1 boron particles with oxide coat-

')ne approaches a higher temperature region near the "burn- ing. *ejected into the gas phase. serve as an -'energy sink" to
ing surface." decomposition" of NMMO polymer occurs near absorb a part of the energy generated by the reaction of
190*C. The measured temperature of the so-cal!ed "burning pyrolysis products of the energetic BAMOINMMO binder.
surface" is around 2050C. Near the interface between the When the boron weight percentage is low (:--20%). the

nIsabsurface reaction zone (zone 2) and the first-stage cam- B$r:O, particles can reach the second-siage ignition temper-
bustion zone (zone 3), there are certain resi.dues (containing ature of 19000K (16270C). A high amount of heat release is

ye
he
m 0

.0. I ZONE 4' (CMBUSTION Va
re ZON~E
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Fig. 8 Physicochemnical processes In the combustion of boron/polyi8AO.Nl0NMMOl) solid fuel In air.
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Table 2 Measured maximum combus.tion product temperatures for indicated in Table 3. Besides BN found in certain test con-

poly(BAMOiNMMO)-based solid fuels with various ditions. other major boron compounds detected by x-ray dif-
boron content (p = 1.034 M~a} fraction analysis were B.0 3 and H3BO3. These two corn-

Boron weight pounds were found in residues from all test conditions listed
percentage 5.0 10.0 17.64 29.0 4O.0 in Table 3. The importance of this finding of BN was discussed

'Maximum ___>_Isoot, ___ _>_18_ 970 760 in the earlier part of this paper. It is useful to note that the
Maximum >-800• >1800b >l800 9 amount of residue recovered from strand-burner tests in-

ture. mC creases with the percentage of boron. No residue was found

after tests with pure BAMO/NMMO coriolymer. The flame
*From Ref. 5. is generally faint at low pressures. but at high pressures (p >
"Dunng the tests. the outpcc voltage of R-typ.: thermocouples exceedced the 0.69 MPa). the flame becomes much brighter. Some streak
calibration range. lines ot; the burning B/I:OR patticles can be seen from high-

speed video images.
Table 3 Presence of boron nitride in combustion residues of F:gufes 9 and.10 are SEM pictures showing the H)BO, and

boron/polyIBAMOINNlMMO) fuel-rich solid propellants BN :rvstal structures in the combust;on residues from tests
burned in air with 29% Boron/poly(BAAMO/NMMO) in air at 0.345 MPa

a50 psia) and L'034 MPa (150 psia). respectively. In order to
Boron weight Pressure. %Pa identify the source of nitrogen in the formation of boron
percentage 0.241 0 345 0 690 1.034 nitride, a set of stiand-burner tests using Boronipoly(BAMOr

5.0 None None None None NNlMO) solid fuel with 40% boron were conducted with o
10.0 None None ',one None mixture of 21% 0. and 79% Ar (volumetric ratio) at 1.034
17.6, None None None Small amount MPa j150 psia). In contrast to the test condition with air,
29.0 None None Small Significant

amount amount
40.0 None None None Small amount 7

from Rcf. S.

obtained due to efficieait boron combustion. The heat feed-
back to the burnihg surface is high. and the burning rate i6
enhanced bv the increase of boron content in tthe fucl-rich
propellant. However, as the boron content exceeds a certain
critical value (-20%). the "energy sink" effect becomes a
dominant factor in reducing the heat feedback to the burning ,,
surface. This reduction is due either to the unattainment of
the so-called second-stage ignition temperature or the exten-"-."
sion of the active reaction zone to a much further distance
from the burning surface.

To verify the above-mentioned hypothesis, temperature
measurements of the combustion p-oducts of the two-phase
reacting media were made with fine-wire thermocouples. The
maximum temperatures measured L=m the combustion of 28k- 020k -'-p 023
solid fuels with different amounts of boron content are listed
in Table 2. It is iseful to note that when the boron percentage
is 17.6% or below, the measured maximum temperature ex- a) MavrpLication 20X
ceeds the second-stage ignition temperature of boron of 1627C.
For 29 and 40% boron, the measured maximum temperatures
were much lower. This finding supports the "energy sink"
postulation for explaining the burning-rate behaviors of fuel-
rich solid propellants with various boron contents. Besides
the "heat sink" postulation. the effect of agglomerate -izes
generated from fuel-rich solid propellants with different boron
coi'tents can also be used to explain part of the burning-rate
behavior ob 4t, ed rn this siudy. The size of the boron ag-
glomerates. which are elected from the surface in the burning Z
process. may increase significantly for higher boron concen-
tration. Thn. large agglomerate size may result in poor ignitionl
combustion characteristics, and consequently in tower flame
temperature. lower heat feedback, and lower burning rates.
However. this agglomerate size effect can only be adopted to
explain why the burning rate decreases wi0h increased boron "_ -"
content, when the boron content is repser thati 20%. This
rearorung cannct be used to ~piain the fact tht when the
boron content is less than a critical percentage. tne burning
rate increases with the boron content as observed in this study.

After each strand-burner test. the combustion residues were
collected !or SEM examination and x-ray diffraction analysis,
From the results of x-ray diffraction analysis. significant amounts b) Magnificatea 350X
of boron nitride (BN) in hexagonal crystalline form were found
for the tests conducted at 1.034 MPa (-50 psia) with 29% Fig. 9 SEM pictures showing the crystal structure of H,130 in ti
borontpoly(BAMO/NMMO). For other tests, the amounts of combustion residue of boror'polyIBAMOINMNMOi solid fuels twit
BN found in the combustion residues were much lower, as 29% boroni burned In air at 0.345 MPa.
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copolymcr-based fuels as compared to conventional H'TPB-
based fuels. The advantages are mainly due to its vigorous
pyrolysis characteristics for dispersing boron particles from

64 surfac'e reaction 7ones into the main reaction zone. Therefore.
~* high boron combustion efficiency can be expected. The sec-

- .~~~~~~' ~~ond advantage can be attrIbuted t t ihrpromnea
lower air-to-fuel ratios. since it contains a certnin fraction ofBN oxygen and thus requires ersambient oxygen to burn. The
d~ts'advar~tages of BAMQNIO1MMO coptilymer-based %uels afe
essentia~ily due to their lower performan~ce at normal SFRJ
operating condit~ior's. This lower performance is caused by
their lower heats of reaction. resulting irom lower h.ydrocar-
bon content. in comparison witth conventional thydrocirbon.
W els (such as HTPB). despim, their high positive heats of
formation.

3) Addition of boron particles in BA./NM%10 copolv-
.1 mer fuels aiwavs increase5 the theoretitai performance of soi'd

fuels.
4) TGA results show that the pyiolysis characteri-ý'cs -if

a) Ngn~~caLoa161borocvpoly(BAMOINMN-O) fuel-rich propellants are nea.rly
a) Mgnii~at03116Xunaffected by the percentage of boron content.

5) Formation of he,ýaeonal crystalline boron nitride (B.N)
-- in the combustion residues of boron'poi'y(BAMO1/t,4NMMO))

bolid fuels was observed experimentally. thermoequilibrtvm
calculations show the existence of BN only at high equivalence

* ratios Under ithese conditions, some performance gains can
j__.; be obtained even though the heat of ;eact'on in forming BN

-j is less than one-half of that in forming 6.0,. This impiess ,hat;~~ ~ boron nitridation could be important and deserves furhe
study.

6) The burning rates of boronipolv(BAMOINEW) fuel
nch propelants werefound to depend ,tropgl iv pboorich ~~ ~ at pipat wr *pncrae boio

. weight percentage and preszure. Burnine rat 'nrae ih
" boron percentaie up t.0 the vicinity of 0% -nd then de-

expiaxn (his dependencyt. Thermocouple meas-urements oi the
maximum temperature of combustion p'oducts ruppart this

___ hypothesis. T his hypott.ecsis suggests that as the baron particle
* ~.Weight, percentage exceeos a critical level. they absorb a sig.

-nifilcant .maint of energy from the reaction zone and thereby
reduce the energy feedback to the propellant surface. Also.
boron particles under such high concentration conditions may
not oxidize to form. the second-stage vigorous combustion *

b) ?lagn~fication 2001 z-one near *the btirning surface.

Fig. 10 SEMI pI'iu~cs showing the prefenct of boron nitride ION) iio Acknowledgmei't~s
the combustion residue of boronipclytUAMO/NALINO) Wiltd fueli 10tgh hspprrpeet at ftersae o odc
29% boron(.burned in 2ir at 1.034 MPa. Tipaerpesnsaatofhe rceaz wol; odc
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STRAND-BURNING CHARACTERISTICS OF ADVANCED BORON-BASED

BAMONM M- UFrC T 7"). •PROPEL L ANTS-e ..

W. H. Hsiah,t J. J. Cheng,+ and K. K. Kuo+
Department of Mechanical Engineering

The Pennsylvania State University
Unik.rsity Park, PA 16802

I. Introduction

Due to its ext:-emely high volumetric heating value, 1 boron has been
one of the most attractive elemental metal for use in air-breathing ramnjet
propulsion systems. However, the low combustion efficiency of boron has
always been an obstacle in utilizing boron-based fuel-rich solid
propel!ants in ramjet engines. The low combustion efficiency of elemental
boron is mainly caused by its high melting temperature of 24501K and
boiling temperature of 39310 K. In addition, the protective boron oxide
layer that encloses the boron particle further hinders the reaction of
boron with surrounding oxidizer. Recently, a novel and highly energetic
polymEtric binder, 3,3-bis(azido-methyI) oxetane (BAMO), and
3-pitratomethyl 3-methyl oxetane (NMMO), was synthesized by Manser et al. 2

to be mixed with boron. Due to the potentially high energetic azido and
nitrato grcups associated with their chemical structure, this type of
binder can generate extremely high heat of combustion and highly turbulent
pyrolysis gases to enhance the burning of boron particles. To date, no
basic research has been conducted to study the combustion behavior or to
characterize the thermo-chemical properties of the newly developed
boron-based BAMO/NMMO fuel-rich solid propellant. The objectives of this
work are: 1) to study the combustion behavior of boron/BAMO/NMMO fuel-rich
solid propellants; 2) to determine the burning rates of these propellants
as functions of pressure by using a windowed strand burner; 3) to measure
the thermal-wave structure by fine-wire thermocouples; and 4) to examine
the effect of boron weight percentage on burning rate.

11. Experimental Approach

In this study, a windowed strand burner was used to 3tudy the
combustion behavior of boron/BAMO/NMMO fuel-rich solid propellants.
Figure I shows a schematic diagram of the windowed strand burner. A sample
(5 mm in diameter and 60 mmn in length) was mounted vertically in the
chamber. ignition of the sample was achieved by sending an electric
current to a nichrome wire, pierced through the test sample about 3 mm from
the top surface. To determine the burning rate of the test sample, the
image of a scale was optically overlapped on that of the test sample by a
semi-transparent mirror. During a test, both images of scale and test
sample were recorded by a video recording system. With this technique, the
burning rate could be determined very accurately from the length of the
sample burned in a certain time duration.
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Contract No. N00014-86-K-0468 sponsored by the Office of Naval Research,
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Either nitrogen gas or air were used to pressurize the strand burner 397
for studying the effect of ambient gas environment on the combustion
behavior of boron(BAMO/NMMO) fuel-rich solid propellant. The chamber
pressure was maintained at a preselected level by a computer-controlled gas
supply system, which consisted of a pressure transducer (Validyne DP 215),
a carrier demodulator (Validyne CD 15), a solenoid valve (Skinner XLB
11002), and an IBM/AT personal computer.

Fine-wire thermocouples (Platinum/Platinum-13% Rhodium) were embedded
in the test sample to measure the thermal-wave structure of the test sample.
The thermocouples (with 50 pm wire diameter) used in this study were
prepared by the authors at The Pennsylvania State University. A detailed
description of the preparation of thermocouples and embedding them in the
test samples is given in Ref. 3.

III. Results and Discussion

In order to examine the effect of boron weight percentage on
combustion behavior, two types of boron(BAMO/NMMO) fuel-rich solid
propellants were used--one containing 29% boron with a mean diameter of 0.5
pm, and the other containing 30% 0.5 pn boron powders and 10% 20 um boron
powders. Figure 2 shows the strand burning rates in air as a function of
pressure for both types of test samples. The burning rate data for both
types of samples follows the Saint-Robert's law very well, and can be
expressed as rb - apn, where rb and p are in units of mm/sec and kPa,
respectively; values of a and n are given in the figure. It is interesting
to note that the burning rate for the test sample containing 29% boron
powders is significantly higher than that of the test sample containing 40%
boron powders. Near the burning surface region, the boron particles
generated form the burning surface enter into the gas phase with an
existing solid non-porous boron oxide coating on the surface. At this
stage of combustion process, the boron particles serve as an "energy sink"
to absorb the energy generated by the combustion of energetic BANO/NMMO
binders, If this favorable condition persists, the temperature of boron
particles would rise continuously until it reaches first-stage ignition at
447*C, when the boron oxide layer melts to allow the boron and/or oxygen to
diffuse across 'he oxide layer and react with each other rapidly. However,
reaction rate slows down immediately following first-stage ignition, as the
oxide layer thickens and rates of diffusion for boron and/or oxygen reduce.
If the gas phase surrounding the boron particle Lan further supply the
energy to the boron particle and increase the temperature of boron
particle, the rates of evaporation of the relatively volatile boron oxide
layer would also increase. Finally, at 1730 0 C, the rate of oxide
evaporation is sufficiently large to remove the oxide layer, and a
second-stage ignition process occurs. Then, a very rapid boron oxidation
happens to relieve the large amount of heat of combustion.

However, with the test conditions used in this study, the second-stage
ignition process of boron particles was not observed from the thermal-wave
structure measurement (to be discussed later) due to the fact that the heat
released from the combustion of BAMO/NMMO and from the first-stage ignition
of boron particles was not sufficient to heat the large amount of boron
particles to a temperature of 1730 0 C. Therefore, in the gas-phase region,
boron particles actually serve as an "energy sink" without releasing a
major portion of their heat of combustion. As the boron weight percentage
in the boron(BAMO/NMMO) fuel-rich solid propellant ilicreases, this "energy
sink" phenomena becomes more pronounced and reduces the energy feedback
from the gas phase to the solid phase; hence reducing the burning rate. A
second reason for burning rate reduction at higher boron weight percentages



could be caused by the increase of thermal diffusivity of the sample at 398

high boron weight percentage. Fhe thermal energy at the surface layer
becomes smaller as thermal diffus'Oity increases. Burntng rate of the test
sample goes down with the surface tamperdture reduction.

In order to further examine the effect of boron concentration, the
burning rate of pure BAMO/NMMO was alo ,neasured at 345 kPa (50 psia) in
air. The result indicated the burning rae 6was 0.30r mm for pure BAMO/NMMO,
which was significantly lower than chat of tte test sample with 29% or 40%
boron powders, as shown in Table 1. From Tab1e •, it is postulated that
the burning rate increases as boron weight percentage increases, until an
optimum value of boron weight percentage is reachacý; then the burning rate
starts to decrease with the increase of boron ,eignt concentration. At the
optimum value of boron weight percentage, the heat :-eleased from the
combustion of BAMO/NMMO is sufficient to incrrease 'he temperature of boron
particles to reach 17300C for second-stage ignition and rapid boron
oxidation, and to release the huge amount of heal of comb,.tion of boron
particles in the gas phase. However, this optimum value needs further
experimental verification. Also, the burning rates tf)r fet~e-rich BAMO/NMMO
solid propellants with 1%, 10%, and 18% boron will bc ýreasured in the near
future.

Figure 3 shows a measured temperature profile obtained using a 50 ;1m
R-type thermocouple emoedded in the 29% boron/(BAMO/NMMO) sample, 'ith an
ambient pressure of 345 kPa (50 psia). The burning surface temperature
indicated by a sudden temperature jumo at the burning surface, is fc'md to
be about 200 0C. The maximum measured temperature was 760 0C at 1.? cr above
the burning surface (5.2 sec. after the thermocouple detected the burning
surface temperature). This measured maximum temperature is increased
monotonically with ambient pressure, as shown in Table 2. It is noted that
the measured maximum temperature does not exceed the second-stage ignition
temperature of boron particles (1730 0C). This implies that the con,bustion
of boron did not reach second-stage ignition for this set of strand burner
tests.

Table 1. Effect of Boron Weight Percentage on the
Burning Rate at 345 kPa (50 psia) in Air

Sample Pure BAMO/NMMO BAMO,'NMMO jBAMO/NMMO
Type with 29% B with 40% B

Burning Rate 0.36 2.23 1,48
(mm/s) J I

Table 2. Measured Maximum Temperature as a
Function of Pressure

Pressure
(kPa) • 241 345 690 1,03

Maximum
Temperature 29% B 640 760 850 970

(0C) 4o% B --- -.. 810



References 399

1. Peretz, A., "Some Theoretical Considerations of iMietal-Fluo'-ocarbon
Compositi, n for Ramjet Fuels," 8th Internatkinal Symposium on
Airbreating Engines, 1987.

2. Manser, G. E., Fletcher, R. W., and Knright, H. R., "High Energy
Binders," Final Repot, Mortcn Thiokol, inc., Contract No.
N00014-82-C-0800, June 1985.

3. Hsieh, W. H., "Study of Strand and Erosive Burning of NOSOL-363 Stick
Propellants," Ph.D. Thesis, The Pennsylvania State University, 1987.

tllt,•tmlwf O • • tf11AV- tO

( 40"- 29% BCRON ; -3-MO/NMMO)
CAL t_

. 40% TSCRCN/ UAMO/NMMO)

'it'-L---- -- " -- 'T W t -

"°o,-
"too i"0 200 000 400 603 800 400

PRESSURE. PN, kP,
ri.I Schematic Diagram o? ExperiItetal A~paratus ýsaed in Stranr. Burner Fig. 2 Effect o7 Boron Weight Perctntage an the 8urning Rate of Fuel-Rich

lest$ Solid 7rocellants Surninq in Air

G" OOF a a9 % rr-

7001-B

600

S00345 o

SURNINNO IN AIR

0UF1 IN AIR0
o I ., I . _ . _ _ _z. .

0 2 4 6 t o

TIME, 1, a

Fig. 3 Heasured Tetverture-Tli rrace from a Strand surner Sest Using z

50 lp.Fine-Wire The -ocounle



APPENDDX 4,3 400

BURNING-RA.TE CHA.RACTERISTICS OF BORONi[BAI\1O/
NMMO] F UL-RICH SOLID PROPELLANT UNDER BROAD
RANGES OF PRESSURE AND TEMPERATURE*

A. S, Yang,$ I. '. HuangW. H. Hsieh,t and K. K. Kuo§
Department of Mechanical Engineering
The Pennsyvlania State University
University Park, PA 1M802, J.S.A.

ABSTRACT

BuTIning-rate characteristics of pure and 10% boron-based 3,3 - bis (azido- methyl)
oxetane (BAMO), and 3 -nitratomethyl 3 -methyl oxe;ane (NMMO) copolymer

fuel-rich solid propellant. ih, air atmo.phe.-:e hlave been studied us'rg a pressure and

temperature controlled test chamber with opticea windows. The texiperature and

pressure ranges of test firings were -10 to 60'C and 240.5 to 103(-6 KPe. (35 io .50
psiL), respectively. Temperature sensitivity of the burning rate, one of the most
important design parameters in practical application to solid-fiel ramjets (SFRJ)
i.nd to solid- propellant ducted rockets (SDR), was deduced irom the expezimnental

data. The thermrl wave structure of boron/j3AMO/NMMOJ copoyme" fuel-
rich solid propellants under no cros3 ,low con,.itions wao- m!a-sured by fine-wire

thermocouples. From the temperatu.-e-time traces, recofdeci at a fixed chamber
Dreassre, the bi-rning surface temperature was found tc. increase with the initial

temperature. Furthermore, tne combustion residues of uoron/fBAMO/NMMOJ

copiymer samples, r.covered from the tests with different initial temperatures,
were examined employiig a sc~aning electron microscope.

* This paper represents a part of the reses.rcb work supported by t'ie Office cf
Naval Research (Contract No. N00014-86-K-0468) under the management of Drs.
Richard S. Miller and Gabriel D. Roy.
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NOMENCLATURE

Symbol Description
a = Preexponent of Saint-Robert's burning rate law
b(1, bl, b2 = Coefficients, Eq. (3)

Cp = Specific heat of propellant, cal/g-K
n = Exponent of Saint-Robert's burning rate law

P = Pressure, KPa

QJ = Net heat released at the burning surface, cal/g

rs = Burning rate, mm/s

Fb = Average burning rate, mm/s

rb.k = The kth measured burning rate, mm/s

T = Temperature,

TZ =Initial propellant temperature, 0C

T. = Burning surface temperature, *C

X = Distance, cm

Greek Svirbols
A9 Thermal conductivity of ga• phase, cal/cm-sec-K

PP = Density of prol'ellant, g/cm3

a = Temperature sensitivity, I/K

1. INTRODUCTION

The solid-fuel ramjets (SFRJ) and solid-propellant ducted rockets (SDR) have be-

come increasingly important for military applications due to the advantage of allow-
ing the incorpo'ation of high energy/high density ingredients in the solid fuels and
propellants. Among variou= elements, boron has been one of the most attractive
elements because of its extremely high volumetric heating value.' However, it is
difficult to burn boron pzrt".cies under rarajet combustion conditions, which leads
to serious problems of ignition and conibu••tion efficincy in prmtical application
to ramjet propulsive systems. In a recoLt development program 2, this situatiop
was improved significantly with the use of t. highly energetic copolymer binder, 3,
3 - bis (azido - methyl) oxetane (BAMO) and 3 - nitratomethyl 3 - methyl oxe-
tane (NMMO), which can generate high heat of combustion and strong turbulent
pyrolysis gases to enhance the burning of boron particles.
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Some efforts have been made to investigate the combustion behavior of boron-based
[BAMO/NMMO] copolymer fuel-rich solid propellants. Chen et al.' examined the
ignition and combustion characteristics of boron/poly [BAMO/NMMO] in detail

and pointed out the high energy release from the burning surface of copolymer

[BAMO/NMMO] can greatly improve the combustion efficiency of boron. Hsieh et
al.' further addressed that [BAMO/NMMO] copolymer-based fuels are superior to

conventional HTPB fuels due to their vigorous pyrolysis chariacteristic for dispers-

ing boron particles into the main reaction zone. In their work, the burning rate
was found to depend strongly on pressure and non-monotonically on boron content.

Experimental results and thermoequilibrium calculations also showed that the ex-
istence of hexagonal crystalline boron nitride (BN) at high equivalencc ratios. The

heat released in the boron nitridation reaction is less than one-half of that released
in boron oxidation; however, substantial performance gains still can be attained

through this nitridation reaction process.

The aforementioned studies have deeply probed the fundamental mechanism gov-

erning combustion behavior of boron/[BAMO/NMMO] copolymer fuel-rich solid
propellants, and have determined their burning-rate characteristics to be a function
of pressure as well as boron weight percentage. However, very limited research has
been conducted to study the temperature sensitivlty of the burning rates of these

fuel-rich propellants, even though the initial propellant temperature significanatly

affects burning rate, thrust, and burning time of rocket motors. The purpose of

this paper is to study the effect of initial temperature on the combustion behavior

of boron/f BAMO/NMMO] copolymer fuel-rich solid propellants, with the following

specific objectives:

1. to determine the burning rate under different initial propellant temperatures

and pressures;

2. to deduce the temperature sensitivity from measured burning-rate results;

3. to identify the favorable operating conditions of reducing the temperature sen-
sit~vity, which can decrease the variation in ballistic performance of rocket

motors or SFRJs at different initial temperatures;

4. to measure the thermal wave structure by means of fine-wire thermocouples

under different initial propellant temperatures; and
5. to investigate the effect of initial temperature on the formation of BN.
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2. EXPERIMENTAL APPROACH

A pressure and temperature controlled test chamber with optical windows was em-

ployed to study the combustion characteristics of boron/[BAMO/NMMOI copoly-

mer fuel-rich solid propellants. The apparatus used in this investigation is shown

schematically in Fig. 1. A fuel sample of 5 mm in diameter and 60 mm in length

was mounted vertically in the chamber. Ignition of the samhple was achieved by

sending an electrical current to a nichrome wire, pierced through the test sample

about 3 mm from the top surface. A scale was optically superimposed on the image

of the sample by a semitransparent mirror. The length of the sample burned in

a certain time span could be accurately determined from bcth images of the scale

and the test sample, which were recorded by a video recording system. From the

information of the instantaneous locations of the burning surface, the burning rate

of the test sample was deduced.

PRESSURE 10.000 psi
TRAtISDUCER PRESSURE IGNITION

GAUGE /-"NICHROME 0.000 psi
rc)- '1 / RE PRESSURE

CHIARGE AMP -, C4
OR

CARRIER OPTICAL.
DEMODULATOR STRR i GAS BOTTLEBURNER • •on

30.000 psi
" .SILUCON RESERVOIR

L~JAMP. FOR :..)jHI.V.1
COMBUS'TIONi L---.. ICO PT

PRODUCT I T .RMO- CONSTAT_--_ - AIR

EXHAUST COUPI.-v - TEMPERATURE D PURGE
BATH 7IYR

ICH1ECI,PI

SOLU•ODO IGNITION TC2 CONTROUER
VALVE

SCV2 PURGE
HV6 RESISTANCE POWER EXHAUST• ---. HEATER SUPPLY

SAFETY

CRYOGEIC VAI.VE
EXCIIANGER ! 5.000 psi

PRES.";RE -.
H . %V . 4 H .t , 3 G A U G '!:

FIGURE 1. Schematic Diagram of Pressure and Temperature Controlled Test

Chamber with Optical Windows
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During the test, air was used to pressurize the test chamber and to remove com-
bustion products from the test chamber. Air, instead of nitrogen, was used in this

set experiments to simulate the combustion of fuel-rich samples in an oxidizer-rich
environment. The chamber pressure was maintained at a prespecified level by a

computer feedback-controlled gas supply system. In addition, to heat up or cool
down the test sample to a prespecified initial temperature, both temperatures of
chamber body and purge air flow have to be kept at the same level. The cham-
ber was surrounded by a constant-temperature bath of silicon fluid, of which the
temperature can be preset at a level between -40 to 70'C. A pump was incorporat-
ed into this closed-loop system to provide a necessary driving force for circulation

purpose. Through the heat transfer between the chamber wall and the above-

mentioned recirculating contant-temperature bath, a uniform stable temperature of
chamber body can be attained. It took about two and half hours to heat up the

chamber from 20 to 600C. In test firings with low initial propellant temperature
(e.g. -10°C), the air flow was precooled first in a cryogenic heat exchanger, op-
erated by means of liquid nitrogen, down to the temperature which was typically
150C lower than the prespecifled level. Then, the resistance heater, linked to a
control unit consisting of a proportional integral derivative (PID) controller and
a silicon controlled rectifier (SCR) power supply, input an appropriate amount of
heat flux to air flow. Therefore, the chamber gas-phase temperature was increased

to the preset value and remained stable at that point. On the other hand, the

cryogenic heat exchanger was disengaged for test firings with high initial propellant
temperature (e.g. 60'C). The air flow temperature in the chamber was heated to
the prespecified level by using the heating system mentioned above.

In order to measure the thermal-wave structures of boron/[BAMO/NMMOJ copoly-

mer fuel-rich solid propellants in both subsurface and surface regions, a fine-wire
thermocouple (Platinum / Platinum-13% Rhodium) with a wire diameter of 50 pm
was en-,'oyed in this invest'igation. In addition, the combustion residues after
each fiwog test were collected and examined using a scanning electron microscope

(SEM). A detailed discussion of the overall system setup is given in Refs.5 and 6.
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3. DISCUSSION OF RESULTS

In this work, two types of fuel-rich propellant samples were used to examine the

effects of boron content and initial temperature of fuel-rich solid propellants on

burning-rate characteristics. One was a pure [BAMO/NMMO] copolymer binder

with 70/30 mole ratio, and the other was the same copolymer containing 0.5 tm

boron powders at 10% mass fraction. The initial temperature and pressure of the

test firing ranged from -10 to 600C and 240.5 to 1030.6 KPa (35 to 150 psia),

respectively. Results obtained from the tests are presented below.

3.1. Burning Rate Measurements

The measured burning rates in air under different initial propellant temperatures

were shown in Figs. 2 and 3 for 10% boron/[BAMO/NMMOJ and pure [BAMO/

NMMO] copolymer samples, respectively. Each data point repiesents the average

valu.* of 4 to 12 measured burning rates with error bars specified by .20%. Here, 0.

is the stanaard deviation defined by the following equation.

0 / ,k=lJrbk -- 'b
N-

Where N is total number of measured data at a given experimental condition; fb is

average burning rate of N measurements; and rb,k is kth measured burning rate.

The change in chamber pressure and initial propellant temperature shows a sig-

nificant effect on burning rate. Basically, the burning rate increases as the pres-

sure and/or initial temperature increase for both types of test samples, and the

relationship beiween burning rate and pressure under different initial propellant

temperatures can be expressed in terms of Saint-Robert's burning ra.e law (i.e.

rb = aP"). The constants a and n ace given in Table L. As the initial propellant

temperature of 10% boron/[BAMO/NMMO] copolymer was decreased. to -100C,

unstable combustion phenomena occurred and the burning rate decreased rapidly

in the low-pressure condition [P < 343.5 KPa (50 psia)]. This implied that the

initial propellant temperature had a stronger effect cn the burning rate at low pres-

sures, which resulted in a large difference in the values of exponent n for Ti= 60

and -10°C. The data shown in Fig. 2 revealed a mode that the burning-rate data
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FIGURE 2. Measured Burning Rate versus Pressure for 10% Boron/ [BAMO/

NMMO] Copolymer Fuel-Rich Solid Propellant at Ti= -10, 20, and 6000
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FIGURE 3. M'easured Burning Rate versus Pressure for Pure [BAMO/NMMO]

Copolymer Fuel-Rich Solid Propellant at T,= -10, 20, and 60'0
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points follow the Saint-Robert's law closely at high initial propellant temperatures.
However, some discrepancy was observed at low initial propellant temperature of
-10"C. This is believed to be caused by the unstable combustion phenomena at
low pressures.

TABLE 1. Saint-Robert's Burning Rate Law* for 10% Boron and Pure/ [BAMO/

NMMO] Copolymer Fuel-Rich Solid Propellant

Initial propellant a n

Temperature, 00 10%B Pure 10%B Pure

60 3.107 x 10-3 1.417 x 10-2 0.9035 0.5604

20 2.284 x 10-3 8.398 x 10-3 0.9309 0.6222

-10 1.3583 x 10-5 5.5808 x 10-" 1.6660 1.5949

*rb = aPn. units: [rb]=mm/s, and [P]=KPa.

To further study the boron mass fraction effect, the burning rates of pure (BAMO/

NMMOI in air were also measured at various initial temperatures. As shown in Fig.
3, the burning rates of pure [BAMO/NMMO] copolymer were significantly lower
than those of 10% boron/[BAMO/NMMO] samples. At the low initial temperature

of -100C, it was found that the test samples of pure [BIAMO/NMMO] copolymer
extinguished under lcw-chamber pressure conditions [P < 343.5 KPa (50 psia)].
This signified that the low-pressure deflagration limit (PDL) of the sample, below
which no sustained stable combustion can be achieved, should lie between 343.5
and 687.1 I(Pa (50 and 100 psia).

3.2. Temperature Sensitivity

The temperature sensitivity of solid-propellants is defined as

Olnr, (

Where a. is the temperature sensitivity of burning rate and Ti is the initial temper-
ature. At a given pressure, the burning rates at three initial temperatures (-10.
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20, and 600C) were computed from the Saint-Robert's law. A second-order poly-
nomial, as shown in Eq.(3), was adopted to fit these three calculated burning rate

data.

rb = b2 (p)T; + b1(P)Ti + bu(P) (3)

The temperature sensitivity can be calculated by differentiating Eq.(3) with respect
to Tj according to Eq.(2). Using the above data reduction method with the de-
duced Saint-Robert's law constants, i.e., a and n shown in Table 1, the temperature
sensitivity for 10% and pure [BAMO/NMMO] copolymer fuel-rich solid propellants
were deduced and presented in Figs. 4 and 5, respectively. The observation of

these temperature sensitivity results indicates the following trends:

1) The ap decreases as pressure increases for a given initial temperature. This
tendency becomes more obvious at low initial temperatures, e.g., Tj = -I0°C.

2) At a fixed chamber pressure, the o- decreases as initial temperature increases.

3) The o-, of 10% boron/'[BAMO/NMMO] is generally lower than. that of pure
[BAMO/NMMO] copolymer. This suggests that the boron particles added• in

[BAMO/NMMO] copolymer are helpful in reducing the temperature sensitivity

of fuel-rich propellants.

4) The operating conditions of high ch3mber pressure and/or h~igh initial temper-
ature show favorable efficts on reduci.g the temperature sensitivity.

Sevmral theoretical w.orks have been conducted to .nvestigate the fundamental mech-
anisms affecting temperature sensitivity."` According to the statement of Kubota
and Ishihara •,the temperature sensitivity can be spli:t into two parts: the first part

is associated with the initial temperature effect on the flame structure of the gas

phase and the second part is associated with the initial temperature effect on the
subsurface temperature profile of the condensed phase and the surface heat release

rate. These two parts can be evaluated if the detailed gas and condensed phase
reactions are known. For simplicity, an analysis conducted by Glick$ and Cohen

and Flanigan' is adopted to probe the physical insight of the above temperature

sensitivity results.

For the steady-state burning condition with constant thermal p.operties, the energy

balance equation at the burning surface is

.dTPp~pc b(T- io -( =+ppbj(4)
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[BAMO/NMMOI Copolymer Fuel-Rich Solid Propellant



410

Assuming T,, Q. and A9 (• are weakly dependent on Ti, the relation between

the temperature sensitivity and pressure can be expressed as follows.9

= 1(5)
(T, - Ti -

From the previous measurement results 3,4, the burning surface temperature increas-

es with pressure. In addition, Tj is fixed for each particulair test firing condition.

It then leads to the result that the temperature sensitivity of the burning rate de-

creases as the pressure increases. This presumption is in good agreement with

the tendency shown in Figs. 4 and 5. To further incorporate the initial tempera-

ture effect and temperature dependence of thermal properties into the theoretical

analysis, a comprehensive formulation covering both condensed and gas phase re-

actions must be considered. Therefore, the development of a detailed combustion

model, which can interpret the mechanisms of controlling temperature sensitivity of

boron/[BAMO/NMMOJ copolymer, is expected to be useful for future investigation.

An attempt was also made to study the relationship of temperature sensitivity

with pressure and initial temperature for 10% boron/[BAMO/NMMO] copolymer

samples. The correlation determined from least-square nonlinear regression analysis

is shown as follows.

= (Ko + K1 Tj + K2T? + K3 T?)P(A4+IcT;) (6)

Where

Ko= 3.9088430E+02

K1 =-1.7935820E+01

K 2 =-1.9663031E-01

K3= 0.6449711E-02

K 4 =-1.4045797

K5= 0.018839587

The units of initial temperature, pressure, and temperature sensitivity are 0C, KPa

and 1/K, respectively.

Results from this correlation are given in Fig. 6. In general, the data correlates

reasonably well according to Eq. (6) for broad ranges of initial temperature and

pressure; however, some discrepancy exists at high pressures for Ti=-10-C curve,
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FIGURE 6. Correlation of Temperature Sensitivity with Pressure and Initial Tern-

pera~ture for 10% Boron/[BAMO/NMMOJ Copolymer Fuel-Rich Solid Propellant

and care must be taken before applying the above equation to very low initial

temperature corditions. Equation (6) could be useful for design considerations as

well as theoretical analysis of propellant burning rates.

3.3. Effect of Initial Temperature on Burning Surface Temperature and

Formation of Boron Nitride

The thermal watm structures of boron/f[BAMO/NMMOI copolymer samples were

measured to investigate the effect of initial temperature on the burning surface tem-

perature. The burning surface temperature T'., indicated by a sudden temperature

jump with the steep slope at the burning surface, was reported to be 30000 for 10%

boron/ [BAMO/NMMO] copolymer under the condition of 1030.6 KPa (150 psia)

and 20"C (68 F) in Ref. 4. In this study, the chamber pressure was maintained at

the same level of 1030.6 KPa; T,. was measured to be about 315'0 for Ti =60'C,
and it dropped to 29000 for T i = -10'C. This clearly shows the trend that the

burning surface temperature increases with the initial propellant temperature.
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The importance of the formation of BN has been pointed out by Hsieh et al.'.

During the tests, no residue was found for pure [BAMO/NMMO] copolymer. The

combustion residues of 10% boron/[BAMO/NMMO] copolymer samples in air un-

der eight different firing conditions (P = 240.5, 343.5, 687.1, 1030.6 KPa and

Ti =-I0, 60 *C) were collected for SEM examination. Figure 7 presents the 200

x magnification photomicrographs of the combustion residues for various pressures

and initial temperatures. The SEM observations show the major boron compound

in the recovered samples is H 3B0 3 crystal. The grain size of H 3B0 3 crystal at low

initial-temperature :ondition is smaller than that at high initial-temperature condi-

tion. It appears that the pressure has no pronounced effect on the microstructures

of these residues. For initial temperature range tested, no BN hexagonal crystalline

structure was found in the aforementioned eight test conditions.

4. CONCLUSIONS

The burning-rate characteristics of boron/[BAMO/NMMO] fuel-rich solid propel-

lants have been investigated under different pressures and initial propellant temper-

atures. The burning rate increases with both the initial temperature and pressure.

The temperature sensitivity was deduced from the measured burning rate result-

s. The favorable operating conditions of reducing the temperature sensitivity of

burning rate have been determined to be high pressure and/or high initial tempera-

ture. The addition of the boron element in [BAMO/NMMO] copolymer also shows

positive effects on reducing temperature sensitivity. The measurement results of

thermal wave structure indicate the burning surface temperature increases as the

initial propellant temperature increases. For the range of initial temperature and

pressure tested, no formation of BN was observed in this study.
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Combustion Behavior and Thermophysical Properties
of Metal-Based Solid Fuels

D. M. Chen.* W. H. Hsieh.t T. S. Snyder.1' V. Yang,§ T. A. Litzinger.§ and K. K. Kuor,
Pennsylvania State UnWersity, University Park, Pennsylvania 16802

Two metal-based solid fuels t magnesium-based and boron-ba.'td) have been studied to determine their comtias-
don behavior and thermophysical properties. The burring rate for the magnesium-based (Mg/PTFElViton A) solid
fuel was found tn ipcrease monotonically with ambient presst,;-" ano to follow the Saint Robert's law in both air
and nitrogen environments. The fuel, however. burned 10% M.ower in air than in nitrogen. Thle slower burning rate
in air is postulated to reiult from the entrained oxygen which competes v"iut fluorine to react with magnesium.
Because of the lower heat of formation of *lO 3 N Fz, the near-surface h.at release is reduced when the oxygen
is present, thus reducing the burning rate. This reasoning is also supported by results obtained from the compamon
pressure deflagration limit (PDL) and ignition :esrs, %hich show that the combustion of the magnes~um-based fuel
has a higher PDL and a longer ignition delay time in air than in nitrogen. Results from the study of ignition Arid
combustion characteristics of boron-brsed solid fuels shov. that boron can signifirantly reducc .,he ignition adity
times of poly(BAMO/NMMO). In determining the thermophysical properties of fuel samples. a subsurface
temper-ture-measurement method was deieloped to quantify the temperature dependence of the thermal diffusivities
of fuel samples. Results show good agreement with those obtained with the laser-flash method.

Nomenclature magnesium particles possess superior ignition behavior but

PDL m pressure deflagration limit, kPa offer considerably lower heat of reaction. Thus. methods of

-= burning rate. mn/s ecing the combustion efficiency of boron and retaining

p = pressure. kPa the ignition characteristics of magnesitim are essential in order

K = thermal conductivity, W/K-cm to render these fuels feasible for propulsion applications.

p, = density, g/c.m " Two types of solid fuels were considered. The first con-
Cv = specific heat, Jig-K tained magnesium with polytetrafluoroethylene (PTFE) and

= net heat release from subsurface. W/g vinylidene fluoride w/perfiuoropropylene (Vitor. A). The see-
, = thermal diffusivity cm2/s ond contained boron with a highly energetic binder, 3.3-bis

L = theamale dhieus -ivity cm(azidomethyl) oxetane/3-nitratomethyl 3-inethyloxetane [poly-
L = sample thickness .cm (BAMO/NMMO)I. To date, efforts to examine the funda-
t characteristic rise time. s mental ignition and combustion behavior of these fuels have

= laser pulse time. s been few. Peretm' studied various thermochemical properties
t = time. to reach one-half of maximum value s of several metal/fluorocarbon fuels for ramjet applications.

Results indicate that not only is magnestum a desirable metal

additive for fluorocarbon solid fuels, but boron can also be
burned effectively with fluorocarbons. Kubota and Senzawa:

Introduction performed detailed experimental work cn thie combustion of
N the search for nzw and improved propulsion technology, magnesium-based soiid fuels containing magnesium. PTFE,
the solid-fueled ramjet engine has become an aatractive and a small amount of Viton A. They observed that the

candidate because of its simplicity and high performance burning rate of this type of solid fuel increases with increased
Among the various solid fuels that are under consideration magnesium zontent but decreases with ancreased particle size.
for ramjet use. the boron-based and magnesium-based fuels The significance of the exothermic reactions immediately
are the most promising because of the high volumetric heating above the burning surface on the combusttan process was also
value of boron and the high combustion efficiency of magne- addressed.
sium. However, the poor ignition behavior of boron particles Manser et al.3 rcemnly developed a number of highly
usually leads to lower combustion efficiency, making them energet.c binders. In view of the large positive value of the
impractical for use in an actual system. On the other hand. heat of formation associated with poly(BAMO/NMMO).

they claimed that a theoretical increase of the specific impulse

Presented as Paper 88-3041 at the AIAA/ASMIE/SAE/ASEE 24th by 5 s is possible when this polymer is used as a binder in a

Joint Propulsion Conference, Boston. MA. July 11-13. 1988; re- minimum-smoke propellant system. The total energy released

ceived Aug. 22. 1988: revision received Sept. 16. 1989. Copyright - from the fuel was found to increase significantly with the

1988 by the American Institute of Aeronautics and Astronautin., Inc. addition of percentages of boron to poly(BAMOINMMO)
All rights re,•rved. The major purpose of this paper is to study the fundimen-

"*Associatc Scitntist. Chung-Shan Institute of Science & Tcchnol- tal ignition aiid combustion characteristics of MG4PTFE,
ogy. R.O.C, V;ton A an;d borontpoly(BAMOINMMO) solid fuels and to

4Assistant Professor. Department of Mechanical Engineenng develop a convenient method for measuring the thermophysi-
Member AIAA. cal properties of these two types of solid fuels. The specific

,Graduate Am.mstant. Depariment of Mechanmcal Engineering. objectives are
Student Member AlAA.

§Associate Profesor. Department of Mechanical Enpnecring. 1) to determine the burning rates of both fuels as functions

Member AIAA. of pressure and ambient gas:
!Distinguished Professor, Department of Meenanical Engineering. 2) to characterize the ignition and combustion behavior by

Assciate Fellow AIAA. performing CO: laser ignitton/combuction tests. x-ray diffrac-
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uon analysts, low-pressure deflagration limit (PDL) tes*s, and !.1 kPa/s. The extinguishment point could then be identified
microscopic examinations: and from !he measured pressure-time trace. After each test firing,

3) to deduce the thermophysical properties from the mca- the solid residues were collected for microscopic exansination
sured subsurface temperature profiles (STP). and x-ray aiffraction analysis.

CO2 Laser Ignirion/Combustion Facility
Experimental Approach A high-powered CO: laser (Coherent Super 48) capable of

A windowed strard burner and a CO, laser facility were generating 800 W in continuous wave mode was -ised for the
used to study the ignition and combustion behavior of these ignition and combustion studies. Figure 2 shows a schematic
two types of solid fuels and to characterize their thermophys- diagram of the facility. In order to generate a relatively
ical properties under well-controlled conditions. A brief de- uniform L'eam, a thin piece of sheet metal with a 7 mm-diarn
scription of the test facilities is given below, followed by a hole was used to allow only the most uniform portion of the
discussion of results obtained for each of the metal-based laser beam to reach the sample surfacc. The resulting spatial
solid fuels, variation of the beam intensity was ± 10%.5 A test chamber

(25 x 25 x 25 cm) was fabricated using 2.54-cm-thick plexi-
Strand Burner glass and a 1.25-cm-thitk stainless steel top cover. The trans-

Figure I shows a schematic diagram of the windowed parent nature of this chamber facilitated visual access to the
strand burner. A fuel sample (5 mm in diameter and 77 mm in ignition and combustion processes from all directions. Two
length) was mounted verticall% in the chamber, igrition of the high-quality glass windows were mounted on opposing sides
sample was achieved by passing an electrical current into a of the chamber to allow for schlieren i;hotography A KCI
nichrome wire which pierced through the test sample about window was installed in the top of the chamber to allow the
3 mm from the top surface. A scale was optically superim- laser to pass into the chamber whea pressures other than
posed on the image of the solid-fuel sample, using a atmospheric were needed.
75 x 75 mm semitraiisparent mirror. To visualize the burning A high-speed video system (Spin-Physics 2000) was used to
process, a video-recording system was employed to pho- record the dynamic behavior of the flame at a framing rate of
tograph the motion of the burning surface inside the strand 2000 pictures/s. The system accommodates two cameras capa-
burner and the optically superimposed scale. With this tech- ble of recording schlieren images and direct photographs
nique, the burning rate could be determined precisely from simultaneously. The schlieren image can detect ciecarly the
the length of the sample burned in a certain time duration. In initiation of fuel gasification and its subsequent processes,
addition to the visualization study, an imbedded fine-wire whereas tl'e d;rect photograph provides information about
thermocouple (platinum/platinum-13% rhodium) with a luminous flame development Prnd burning characteristics.
diameter of 50 murn was used to measure the temperature In addition to its role ;n the ignition and combustion study.
profiles in both the subsurface and surface regions. A more the CO, laser system was also used to conduct laser-flash tests
detailed discussion of the overall strand burner system is for measuring the thermal diffusivities of the fuel samples. A
given in Ref. 4. "75-prm K-type (chromel/alumel) thermocouple was bonded to

The strand burner was used to study both the steady-state the bottom of the fuel sample having a specified thickness. As
burning behavior and the PDL. During each steady finng, the the laser flash irradiated the sample surface, the temperature
chamber pressure was maintained at a prescribed level by detected by the bonded thermocouple was recorded by a
means of a computer-controlled gas supply system. For the Nicolet oscilloscope and could then be used to calculate the
PDL tests, ihe chamber was depressurized at a rate of thermal diffusivity of the fuel.
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Fig. 1 Schematic of experimentil appaatus used In strand-burner tests.
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Figure 4 illustrates the dependence of the burning rate on
the chamber pressure in two different gaseous environments.

Combustion Characteristics of Magn.,, '- rn-Based The burning rate was found to increase monotonically as the
and Borna-Based Solid Fuels pressure increased, and to follow the Saint-Robert's law

closely. It is interesting to note that despite the fuel-rich
rM ,tge•i=m.Bse SaUd Fuel nature of the sample, the burning rate measured in nitrogen

T1";: magnesium-based solid fuels used in this study con- was consistently higher than that ihi air by approximately
sisted of 50% fluorocarbons (PTFE and Viton A) and 50% 10%. This observation is substantiated by the PDL results

Smagnesium powders with a mean diameter of 20 pm. Initial which show "that the lowest pressures for sustaining stable
Stests were performed in the CO2 laser facility, and subsequent combustion are 9.8 and 28.1 kPa for nitrogen and air. respec-

expeniments in the strand burner. In both cases, not only did tively. The fuel has a tendency to extinguish faster in air than
Sthe luminous flame initiate at the surface, but it remained in nitrogen. These results suggest that the burning characteris-

attached to the surface for the duration of the combustion tics of this type of solid fuel depend upon the composition of
period. Figure 3 shows a typical flame structure of the fuel the ambient gas.Sfollowing ,gniton. The ejection of magnesium pardcles from Figure S shows two temperature profiles obtained from
the burning surface can be observed as indicated by the arrow 50-/pm thermocouples imbedded in the solid fuel. The tests
in the direct .mage. This phenomenon was also noted in the were performed at atmospheric conditions in both air and
strand-burning tests using both air and nitrogen. However~. nitrogen. Both curves indicate a surface temper,,:ure tcharac-

1Bthe height of the luminous flame wan much greater for com- terized by the inflection point in the temperature profile) in

nitrogen. The ignition delay time for the magnesium-based tions depending on the gas environmen~t. The temperature
fuel was also determined for vanous oxygen percentages. It profile in the vicinity of the surface is steeper when the fuel
increased from 43 ms to 52 ms as the oxygen concentration was burned in nitrogen, suggesting a higher heat-transfer rate
iticreased from 1.0% to 21.0%. respectively. These t'tsts wvere a't the surface.
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Based upon the above observations, it is believed that the Fig. 5). Results based upon the x-ray diffraction analysis of
oxygen :n the air has an adverse effect on the regression rate. the combustidn residues indicate that the major solid prod-
ignition, and extinction characteristics of the solid fuel con- ucts for the case involving air were MgO. MgF,. and carbon.
taming magnesium and fluorocarbons. A proposed rationale However. for the pure nitrogen case. the major products were
to explain this phenomenon follows. MgF., Mg, and carbon. Thus. the reaction of magnesium

First. the surface regression is a local phenomena. The particles with oxygen in the gas phase is significant. Further
regression rate -s determined mainly by the highly exothermic investi',ation is needed to quantify the extent to which the
gas-pnase and heterogeneoi.s reactions occurring immediately oxidation reaction takes place in the near-surface region.
above and on the surface, and the thermal properties of the Bated upon the above observations and the measured
solid fuel which control the thermal wa,,e propagation. The subsurface temperature profiles, the important physicochemi-
processes away from the surface play a less significant role cal p'ocesses involved in the combustion of magnesiumt
due to their weak effect on the local heat transfer to the fluoro,'arbon fuel in the presence of an can be characterized
surface region. qualitatively. Figure 6 summarizes the entimr process by iden-

Second. the magnesium-based solid fuel contained 50% tifying five distinct regions in both the gas ,nd condensed
magnesium. which ;. 17% greater than the stoichiometric ph&a.es A thermocouple trace obtained from a test in air at
ratio. Because ot thus. most of the magnesium powder did not 100 kP'L is also included to show the approximate :hermal
burn comp!etely it. ,e near-surface region. Instead. the pow- wave piofile. These five zones can be summarized as follows
der was ejected from the surface as a result of the expansion In z,,ne 1. the temperature is below the exothermic decom-
processes of gaseous products generated by the pyrolysis and posltion temperature of Viton A (316'C) and only inert
the solid-phase reaction of the fluorocarbons surrounding heating takes place. Zone 2 covers a temperature range from
them. 316- 530,C. corresponding to the decompositMon temperatures

Third. the easeous products originating from the surface of Viton A and PTFE. respectzvely. The thickness is about
act as a freejet and entrain the ambient gas into the shear 170,um at I aim. Exothermic decomposition of Viton A
layer surrounding the sample boundary. Thus, during tests in initiates in this zone and reaches its maximum rate at 471VC I
air, oxygen can be entrained easily, causing competitive oxi- The major products from the pyrolysis of Viton A inclide
dation and fluorination reactions with magnesium. Because HF. CF:. CF., CHF,, and other fluorocarbons and hydro-
the heat of oxidation for magnesium is approximately one- fluorocarbons." Chemical reactions between magnesium pow-
aalf of the heat of fluorination for magnesium, the total heat ders and the pyro!ysis products of Viton A may also occur
generated in the near-surface region is reduced when oxygen Onset of the melting process of PTFE (330'C) occurs approx-
is present. This reduced heat release reduces the heat-transfer imately 200 ym beneath the burning surface However, as a
rate to the condensed phase and consequently decreases the result of the highly viscous nature of the molten PTFE, only
regression rate. restricted motions of magnesium particles are possible in this

This argument is substantiated by the subsurface tempera- region.
turm profiles measured in air and nitrogen environments (see Zone 3 is characterized by a rnpid temperatute increase
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Fig. 7 Burning rate as 2 function of pressure for poly(BAMO/
NMMO) with 17.64o boron. above the surface. As the ambient pressure was increased to

1034 kPa. a much brighter flame was observed, with many
0 - burning boron particles ejected from the surface.

Figure 7 shows the strand-burning rate in air as a function
20o. ocp. ,, .... of pressure. It followed the Saint-Robert's law w:th the burn-

SU.ND ...... a.,.• ing rate given by rb = 0.136p° '. Figure 8 presents a mea-
sured temperature profile obtained, using a 50 pm R-type" thermocouple embedded in a boron/poly(EAMOfNMMO)- eeo,-
sample, with an ambient pressure of 343 kPa. The burning-

- surface temperature, indicated by a sudden temperature jump
at the burning surface, was about 250'C, which was relatively

t.. low when compared to magnesium-based solid fuels. The
I -burning-surface temperature increased monotonically with

1- -- ' testing pressure, ranging from 220*C at 100 kPa to 310"C at
t L_/ 1030kPa. The temperature-time trace presented in Fig. 8

0 0. 1 1, 20 z 4 shows several ripples between 100:C and 250'C; these are
,:,,.... believed to be caused by the subsurface reaction of the

Fig.$ SubssfAce temperature prcflle of boron/poly(BfAMC/ binder.s'-" in this particular test, the maximum measured
NMMOt in air at 343 kPa. gas-phase temperature was about i400-C. However, in some

tests, the measured temperature-time traces showed mximum
temperatures higher than 1715"C.

within a thin layer of approximately 50pam. The temperature To further enhance understanding of the ignition and com-
ranges from 530'C to the surface temperature of 850"C. At bustion behavior, the boron-based fuel samples were also
530'C, PTFE begins to decompose exothermically to liberate tested in the CO: laser facility. Figure 9 shows an ignition
CF.. C,F6 , CF 4,, C3F6 , CF,, other fluorocarbons, and sequence of the pure poly(BAMOiNMMO) under CO, laser
poss~bly fluorine itself.6 As the temperature further increases heating. The left image is a direct picture, and the right image
to 650"C, magnesium powders begin to melt. Reactions that is a schlieren picture. The magnification of the direct image is
may take place in this region are believed to be those of fl-ioe twice that of the schlieren, and the sample is a 5 mm cube.
rine and fluorinated compounds with either liquid or gaseous Pyrolysis of the solid fuel was first noted after 4.0 ms in the
magnesium (because the vapor pressure of magnesium at schieren picture. The gases formed a jet with a mean velocity
850 0C is about 50 rmm Hg). These highly exothermic reactions of about 10 mis. Within a distance of 8 mm from the surface,
may further enhance the gasification of PTFE, causing an the jet appeared to be laminar in nature and became turbulent
imbalance of local forces. This process results in violent expul- farther away from the surface. The gases gradually absorbed
sion of magnesium particles from the surface. the incident laser energy and finally ignited after 128 ms. This

Zone 4 is characterized by the high-temperature gradient irn ignition process is evident in the direct picture and is an
the vicinity of the burning surface. It is depicted by a bright indication of a isas-phase ignition process. Immediately fol-
iame associated with the exothermic gas-phase and heteroge- lowing ignition, the flame propagated down toward the sur-
neous reactions. As stated above, for combustion in air, face to further enhance the condensed phase reactions. The
oxygen may be entrained by the 'et and react with molten copolymer extinguished following laser cutoff at 200 ms.
magnesium powders near the outer region of the surface. Figure 10 shows the ignition process of poly(BAMO/

Zone 5 is rather far from the surface. For combustion in NMMG) containing 17.6% boron. Gasification was noted at
air, the major chemical process includes the reaction of mag- 4.5 ms after onset of the CO., laser beam. The pyrolyzed
nesium vapor and 0,. As a result of its distance from the gaseous jet was less turbulent than that evolved from the pure
surface and its low flame temperature ( - 16004C)." the effects poly(BAMO:NMMO) sample. Changes in the jet characteris-
of this region on surface-regression processes arc insignificant. tics arc believed to be dependent upon the boron content in

the sample which acts to dampen the turbulent mixing pro-
Boron/Polv(BA.MOINMMO) Solid Fuel cess." Because the boron is initially ejected before burning.

In this work, the boron-based solid fuel sam'ple contained a the solid boron particles in the gas phase absorb the incident
highly energetic copolymer, BAMOINMMO. and 17.6%,1, laser energy, thus raising the temperature in the gas phase to
boron powder with a mean diameter of 0.5 pm. From the initiate chemical reaction and lead to ignition. The increase of
recorded video images, it was observed that the flame struc- absorption due to the presence of boron in the gas phase has
ture of the sample was affected by the testing pressure. At been verified by laser-attenuation tests with various gases and
atmospheric conditions. oniy a faint gaseous flame appeared ;olid-fuel samples.' As a result, the boron addition decreases
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the ignition delay time to 10 ms. compared to 128 ms for the the instantaneous burning surface Uting this coordinate sys-
pure poly(BAMOiNMMO). tern. the heat-conduction equation becomesj'2;

Picture 6 in Fig. 10 shows many boron particles burning
in the gas phase following ignition. After laser cutoff, the d K dT d(p~r,,C'T)+ , 0  (I)
sample extinguished momentarily and then reignited. The Tx d dx(

reignition. which was observed for the boron-conaining fuels
but not for the pure copolymer. is believed to be the result of where 4,.,b is the net heat release in the subsurface region of
an increase in thermal diffusivity caused by the boron addi- the fuel sample. This term vanishes if there is no chemical
tion. which allows the thermal wave to penetrate further into reaction within this region (i.e.. the inert heating region).
the solid fuel. Integration of Eq. (1) gives

Figure II shows the ignition delay times for pure poly
(BAMO/NMMO) and samples containing 17.6 and 300% dT I dl l p_____ d
boron as a function of heat flux. The pure poly(BAMO/ K- -K-j_= . d xC"')

NMMO) fuel exhibited random ignition characteristics for all dx dx dx

heat fluxes. When boron was added, the delay time became (2)

shorter and reproducible. The behavior of bororisopoly(BAMOi J T(-

NMMO) is distinctly different from that of pure poly(BAMOI
NMMO) due to the effects of boron particles on the fluid The density and specific heat are evaluated using a mass-aver-
dynamics and radiative absorption. In the pure poly(BAMOi aged value of the ingredients in the solid fuel sample. Rear-
NMMO) case. the high turbulence level in the gas phase caused ranging Eq. (2) and assuming that the heat flux is zero at
the pyrolyzed gases to be heated more uniformly. thus, no local x = - x. the thermal conductivty as a function of tempera-
high-temperature region could be established easily in the gas ture becomes
phase. i'r.V)

On the other hand. when boron is added, the gas phase K(T) p, rbC, dTl
becomes less turbulent due to the damping effect of submicron - d-,
boron particles present in the pyrolyzed gases. This introduces
a smaller heat-transfer rate within the pyrolyzed gases and where the local temperature gradient dTldx can be calculated
causes a local high-temperature region to be established more from the measured subsurface temperature profile. By defini-
readily. In addition, the radiative absorption by the pyrolyzed tion, the thermal diffusivity can be deduced from the relation
gases mixed with boron particles is sign~ificantly increased, The
ignition delay time of boron/pcly(BAMO/NMMO) is. there- 7(T) = K;(pC,) (4)
fore, much shorter than that of pure poly(BAMOINMMO).

Because the STP method was used to deduce the thermal

T'hermophysical Prop"ry Characterzation conductivity and diffusivity of the testing sample in the inert
region, the thermocouple bead did not experienc- rapid tem-

Both subsurface temperature profile (STP) and laser-flash peratuce variations and thus was able to measure the temper-
methods were used to evaluate the thermal diffusivitics and ature profile very accurately. The characteristic time of the
conductivities of the fuel samples. Other properties, such as thermocouple used in this study was about 10 ms."4 which is
densities and specific heats, were obtained from tht (pen much smaller thar heat-conduction time within the inert
literature. A brief descnption of these two meawueien'cnt tech- region. lMeasuremxent errors caused by velocity and radiation
niques is given below, followed by a discussion of results. effecOs" are ,oc prment since the thenn-couple is embedded

Subsurface Temperature Profilt (STP) Method in a solid., opaqu: fuel sample. Because of the small diameter
of the thermocouple wire, heat losses cmused by conductionIn order to obtain a temperature profile of the subsurface from the ttiermocouple bead are also negligible." The largtst

region during cumbustion, an R-type fine-wire thermocouple error irnrodue.d into the STP method ( z. 0'QC) comes front
with a diameter of 50 pm was embedded in a vertically the data Pcquisition and reduction procedures.
mounted solid fuel sample. The sample 'vas then ignited using
a nichrome wire and burned down into the imbedded thermo- Laser-Flash Method
couple. In this manner, both the subsurface and gas-pnaie The iser-flach method'6 was alao used ci detedrmise the
temperature profiles were obtained. The subsurtace tempera- the:rman diffusivity of the solid fucl samples. In this method, a
ture profile could be used to deduce the thermal diffusivity short laser pulse wis given to the top surface of the sample. A
and conductivity as functions of temperature. thermocouple was mounted to the bottom surfac of the

The STP method is based upon a one-dimensional heat-
conduction equation. In order to simplify (he analysis, a o
moving coordinate system was used with its origin located az a ?uAt C•V.•'YtER iAMOINUoW

a SORO"dCOPOc.YMEft WSS/SL212
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Fig. 10 Ignition sequemce ofpcly(BAMOINMMO) tith 17.6% boron MA ,LUN. 4% .•,

In air with a beat flux of 490 Wjcm1 uing CO2 laser. Time from, Intlial Fig. 11 Ignition delay time vs heat flux for pure poly(BAMO/
laser heating is 5.0. 6.0. 10.0. 17.5, 420. and 140.5 mn- NINMO) binder.
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* •the testing conditions, sample properties, and the Biot num-
ber. In order to minimize heat losses, the Biot number for the

-. tests conducted in this study were of the order of 0.02.
,/ . ensuring the reliability of the data. In addition, the sample0 or,.;. was mounted on insulation material to minimize conductive

I I losses from the bottom surface.
10-7I G, ...... , Thermophysical Properties of Magnesium-Based

-= .--o------ s ' and Boron-Based Solid Fuels
00; i 1

L i 1 Figure 13 shows the results obtained 'y the STP method
for the magnesium-based solid fuel. The specific heat, thermal

_ _ _ _conductivity, and thermal diffusivity are plotted as functions
2 'o of temperature. The specific heat and density of Mg, PTFE,

and Vitcn A were obtained from Refs. 20-22, respectively. At
Fig. 13 Thermcphyscal properties of MgjFTFEV1toa A as funcdom a temperature of about 40'C. the values for both thermal
of temperature from STP m-tlod. conductivity and thermal diffusivity increase drastically. This

sharp increase is believed to be caused by the rapid change in
thermal diffusi-'ty of PTFE that occurs near that temperature

sample to monitor the temperature rise as the energy from the due to the crystaline transition (see Fig. 14).
top surface was conducted through the sample (thickness of Te verify the nim-suremnents with the STP method, the
I mmi). Figure 12 shows a typical temperature-ume trace from 'mser-fiasb method was used to determine the thermal diffusiv-
the thermocoup!e on the bottom surface. The temperature ify of the magnesium-based solid fuel at 25°C. Using a sample
rises slowly and reaches a maximum value (TL., max) after thickness of 0.153 cm, a value of 1.6 x 10-1 cmrafs was mea-
800ms. sured; tis agre•s reasonably well with the value of

If we assume that the solid fuel sample has a uniform initial 1.1 x 10- cmz/s obtained using the STP method. The laser-
temperature distribution and that the energy from the !ascr flash method was also used to determine the thermal diffusiv-
pulse is instantaneously and uniformly absorbed in a thin ity of boron/poly(BAMOINMMO) solid fuel, and a value of
layer on the top surface, then the temperature rik on the 1.82 x 10-3 cm2/s was obtained at 25*C. Temperature profiles
bottom face can be express.d as"7  were measured for the boron/poly(BAMO/NMMO) fuel;

however, the thermal diffusivity could not be calculated be-r I I -- I t 2 -- cause the specific heat and density are not known.

2 Summary and Conclusions
When T I 12. the dimcnsionless quantity nzt/L2  The combustion behavior and thermophysical properties of
must have - value of 1.3". Consequently, the thermal diffusiv- magnesium.based and boron-based solid fuels have been stud-
ity bexomez ied using both a windowed strand burner and a CO. laser test

facility. Results from strand-burnet tests show that the mag-
!.37L 2  0.139LV nesium-based fuel burns 10% faster in nitrogen than in air,

(6)Xt-i, 2  Itau indicating that oxygen has an adverse effect on the combus-
tion behavior of this type of fuel. To verify the oxygen effeCL

where tl,2 is the tim- required for the bottom face to attain ignition delay times were measured using different oxygen
one-half of its maximum iemperaturt. Equation (6) is accu- percentages. It was found that tte ignition delay time de-
rate within 1% as long as the laser-palse length is short creased as the oxygen percentage decreased. PDL tests show
enough to evoid any chemical reaitions and the characteristic that the fuel has a low pressure limit of 9.8 kPa for stable
time of the satinpie (defined -a t = L-,a•x) is greater than 50 combustion in nitrcgen, compared to 28.1 kPa in air. Subsur.
times the laser-pulse duration.'s The characteristic time and face temperature profiles of the magnesium-based fuel also
the pulse duration thus determine the thickness of the solid indicate the adverse effect of oxygen on the combustion
fuel sample. behavior.

Heat losses by convection from the top surface during the The combustioi behavior of t'e boron-based solid fuel was
laser-flash method was invotigated by Mendelsohn."9 He also studied in the strand burner, and its burning rate was
found that the heat loss by convection depends strongly upon found to have a slightly higher pressure dependence than that
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for the magnesium-based solid fuel. Expressions for the burn- Base Bleed. Athens. Greece, Nov. 23-25. 1988. Hemisphere. New
ing rate of the magnesium-based fuel in air. in nitrogen. and York (to be published).
for the boron-based fuel in air were found to be 0.190p°.4, 'Newman. R. N.. and Payne. J. F. B.. "The Anomalous Brightness
0.239 p 0 .0. and 0.136p 0 .4, respectively. To investigate the of Magnesium-Air Flames," Combustion and Flame. Vol. 68. No. 1.effet o boon n th pue plv(AMO/MMO enrgeic 987. pp. 31-41.
efct of boron on the. pure poly(BAMONMMO) energetic Farber. M.. Harris. S. P.. and Srivastava. R. D.. "Mass Spectro-
binder. ignition delay times were studied. Results showed that metric Kinetic Studies on Several Azido Polymers." Combustion ad
the random ignition delay times for the pure poly(BAMO/ Flame. Vol. 55. No. 2. 1984. pp. 203-211.
NMIMO) became consistent when boron was added. From 'Oyumi. Y., and Brill. T. B.. "'Thermal Decomposition of Energetic
high-speed pictures of the ignition process, it was found that Materials 14. Selective Product Distributions Evidenced in Rapid.
the boron particles affect the fluid dynamics for the gaseous Real-Time Thermolysis of Nitrate Ester at Vanous Pressures." Com-
jet. The boron also resulted in increased absorptivity in the bustion and Flame. Vol. 66. No. I. 1986. pp. 9-16.
gas phase. The combined result is a significant decrease in the '0Oyumi. Y.. and Brill. T. B.. "Thermal Decomposition of En-

ignition delay time. ergetic Materials 12. Infrared Spectral and Rapid Thermolysis Studies
of Azido-Containing Monomers and Polymers." Combustion and

An STP method was developed in order to determine the Flame. Vol. 65. No. 2. 1986. pp. 127-135.

thermophysical properties as functions of temperature for " Snyder. T. S.. Chen..D. M.. Fetherolf. B. L.. Litzinger. T. A.. and
these fuels. and the results were compared with those of a Kuo. K. K.. "Pyrolysis and Ignition of Boron-Based Solid Fuels for
laser-flash method. Knowing the value for the specific heat of Ramjet Applications." 25th JANNAF Combustion Meeting.
magnesium-based solid fuel as a function of temperature, the Huntsville. AL. CPIA Pub. 498. 1988.
thermal conductivity and thermal diffusivity of the fuel were `:Klein. R.. Mentser. M.. Von Elbe. G.. and Lewis. B.. "Determi-
calculated from a subsurface temperature-time trace. The nation of the Thermal Wave Structure of a Combustion Wave by
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